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Chapter1
Introduction
Research into the variability of stars has a long and rich history spanning thousands of years. In-
deed, it has recently been proposed that the oldest preserved historical documentation of stellar
variability is the recording of eclipses in the variable star Algol by the ancient Egyptians approx-
imately 3200 years ago (Jetsu & Porceddu, 2015). The short-period variability realm provides
numerous astrophysically interesting sources exhibiting optical variations on the scale of minutes
to hours that, until a decade ago, were little known and under-represented. It is with the help
of wide-field and high-cadence surveys, that we are now able to properly characterise such ob-
jects for improved population statistics. Furthermore, not only do these fast variable systems
give important insight into binary evolution and the mass and composition of stellar interiors
(asteroseismology), the shortest period ultracompact binary systems are also proposed Supernova
.Ia progenitors (Bildsten et al., 2007), and are predicted to be the strongest known sources of
gravitational radiation in the eLISA pass-band (Roelofs et al., 2007).
1.1 Short-period variable stars
Variable sources in the Universe can be grouped according to the physical phenomena causing
the observed variability (Eyer & Mowlavi, 2008). In Figure 1.1, Eyer & Mowlavi (2008) have
attempted to group types of variable systems together according to four division levels: In order
of progressive division, the variables are separated according to 1) whether they exhibit intrinsic
or extrinsic variability, 2) the broad type of object, 3) the phenomenon at the source of their
variability, and finally 4) whether they exhibit similar physical or photometric behaviour. In this
section, we discuss the origin of short-period variability observed on timescales of minutes to a
few hours.
Fast time-scale variations can originate from physical changes within the internal structure or
atmosphere of the source (intrinsic variations). These include pulsating stars, and eruptive stellar
events caused by chromospheric activity such as flares. Examples of fast pulsating stars include
relatively low-amplitude (<1 mag), short-period (0.01 – 0.2 days) δ Scuti stars (δ Sct; Breger,
2000) or SX Phoenicis variables (for e.g., Rodríguez & López-González, 2000).
1
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Figure 1.1: Types of variable sources, tentatively grouped in four consecutive divisions based on the physical phenomena exhibited by each
source. Taken from Eyer & Mowlavi (2008).
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1.1 Short-period variable stars
At even shorter periods, rapidly oscillating Ap or Am star systems (roAp, roAm), and pul-
sating white dwarfs (hydrogen-rich DAV/ZZ Ceti, or helium-rich DBV/V777 Her variables, see
Winget & Kepler 2008; Althaus et al. 2010; Fontaine & Brassard 2008 for detailed reviews of
pulsating WD) exhibit small amplitude variations (< 0.01mag) between 4 and 22 minutes.
The intrinsic variations observed in δ Sct pulsating stars (A- or early F- type stars) are the
result of radial and non-radial pulsations in the star’s surface through the Eddington Valve (or
Kappa) mechanism. These δ Sct are expected to be the second most common variable in the sky,
after Cepheids (Breger, 1979). Therefore, population studies of these objects are important for
asteroseismology research and help to address key questions about the physical properties of these
objects, such as the expected period and amplitude range of the population. Although Chang
et al. (2013) provides a thorough overview of the observational properties of the then known δ
Sct, they have built-in population biases as a result of selecting sources from different surveys.
Thus, improved population studies are needed (see the discussion on δ Sct in Chapter 3 for more
details). High amplitude δ Sct (HADs), where the pulsation amplitude is greater than 0.3 mag,
are of special interest since the dominant frequency is due to the fundamental or first-overtone
radial mode. Thus, these HADs can be used as precise distance tracers.
Fast variations can also result from the rotation or revolution of an inhomogeneous stellar
surface, or from eclipsing systems. Here the variations depend on the rotation or orbital period
(extrinsic variations). According to the current leading theories, the origin of variations in rare
carbon-rich atmosphere white dwarf variables (DQV) are believed to be due to the rotation of a
magnetic white dwarf (Williams et al., 2016). Objects exhibiting longer period extrinsic variations
(between 1 hour and 1 day) include binary systems such as W Ursae Majoris-type eclipsing contact
binaries (Rucinski, 2002), cataclysmic variables (Warner, 1995), subdwarf B binary systems (e.g.,
Maxted et al., 2002), and symbiotic binary stars (see Mikołajewska, 2007, for a review).
Fast extrinsic variations can also be seen in ultracompact binary star systems (UCBs); a
class of rare and faint interacting hydrogen-deficient binary star systems, where orbital evolution
is driven by angular momentum loss through gravitational wave radiation. Their orbital periods
(Porb) are less than 80 minutes, implying that the secondary donor star cannot be a main-sequence
star (Rappaport et al., 1982). UCBs can be further divided into four subclasses: white dwarf-
white dwarf binaries that are either detached (‘DD’, Brown et al. 2011) or semi-detached and mass
transferring (‘AM CVn’, see Solheim 2010 for a review), ultracompact X-ray binaries (‘UCXBs’,
Nelemans & Jonker 2010) consisting of a white dwarf-neutron star pairing, or a binary consisting
of a subdwarf B star and a white dwarf (Geier et al., 2013). UCBs have been proposed as
Supernova .Ia progenitors, which are a type of short-lived luminous supernovae originating in
a helium white dwarf and a carbon-oxygen white dwarf that have unequal masses (originally
predicted by Bildsten et al. 2007). Supernovae .Ia are so named because they are less luminous,
last for a shorter duration, and are rarer than the standard Type 1a supernovae. In addition
to being proposed as Supernova .Ia progenitors, the shortest period UCBs are predicted to be
the strongest known sources of gravitational radiation in the eLISA pass-band and as a result,
should be excellent verification sources (Roelofs et al., 2007). Furthermore, AM CVn systems are
considered to be the ultimate survivors in binary evolution, having evolved through at least two
common envelope (CE) stages and one stage of Direct Impact (DI) using the constraints of very
3
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finely-tuned parameters. The mass of the donor star after the first CE stage will determine the
evolutionary channel of the binary: either a double degenerate white dwarf-white dwarf channel
(with donor mass M2 < 2.3 M), or a non-degenerate helium star donor channel (2.3 M <
M2 < 5 M). If the orbit is too large for a second CE stage, there is a small probability that
longer period AM CVn systems containing traces of hydrogen will form (Tutukov et al. 1985,
Podsiadlowski et al 2003). One of the key questions in UCB research is determining the relative
importance of each of these three evolutionary channels.
The main difficulties in the study of UCBs are their rarity, intrinsically (< 5 ± 3 ×10−7 pc−3,
Carter et al., 2013), and observationally (Rau et al., 2010; Levitan et al., 2015), their faintness
(MV ≤ 8) and short orbital timescales. Only 51 AM CVn systems are known, 6 DDs and 10
neutron star systems. However, this growing number of systems allows us to take a population
view of ultracompact binaries and confront theoretical/model predictions on their total number in
the Milky Way (Nelemans et al., 2001a), the orbital period distribution (Nelemans et al., 2001a)
and their chemical composition (Nelemans & Jonker, 2010) with observations.
1.2 The road to the OmegaWhite Survey
Over the last few decades, there has been an increased drive towards targeting these faint and
highly varying systems using specifically tailored surveys designed for wide and deep sky-coverage,
whilst still maintaining the high-cadence observations required for these short-period variable
targets. One such survey is the Faint Variability Survey (FSVS, Groot et al., 2003; Morales-
Rueda et al., 2006), which targeted faint (down to V ∼ 24 mag) and short time-scale variables
(at time scales greater than 24 minutes) at mid- to high-Galactic latitudes over 21 deg2. Similar
to the FSVS, the Deep Lens Survey (DLS, Becker et al., 2004) is a 20 deg2 survey that was
sensitive to variability greater than ∼ 15 mins, reaching a depth of V ∼ 25.5 mag. The Kepler
mission (Borucki et al., 2010) and follow-up Kepler K2 mission (Howell et al., 2014) has been
hugely successful in discovering exoplanets and short-period variable systems through 1-minute
or 30-minute cadence exposures, reaching a depth of V ∼ 20 mag at Galactic latitudes 15 deg ≤
|b| ≤ 25 deg. However, only a small percentage of sources in Kepler are able to be observed at
any one time with an maximum cadence of 1 minute.
The Rapid Temporal Survey (RATS, Ramsay & Hakala, 2005; Barclay et al., 2011) was a
deep, high-cadence, photometric survey, carried out between 2003 – 2010. It covered a total of 46
deg2 with a bias towards the Galactic plane and used the INT on La Palma and the MPG/ESO
2.2-m telescope. The primary goal of the survey was to detect new AM CVn systems, but none
were discovered due to the low space density of these variables: at the start of operations, it was
predicted that RATS would discover ∼nine AMCVn in 46 deg2 using estimates determined by
Nelemans et al. (2001a). Over the following 10 years, the predicted space density was significantly
lowered, to the extent that recent studies (Ramsay et al., 2014; Carter et al., 2014b) find the
number of AM CVn within RATS is likely closer to 1 or 2 systems, with a predicted space density
of around 5 ± 3 × 10−7pc−3, a factor 50 lower than previous estimates by Nelemans et al. (2001a).
Therefore, larger dedicated surveys are imperative for these short-period systems.
4
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Figure 1.2: OmegaCAM mosaic image of a one square degree OW field, containing the reference
frames from the 32 2k x 4k CCD images.
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Recent AM CVn discoveries in surveys such as the PTF (Levitan et al., 2013), SDSS (Carter
et al., 2013), the Catalina Real-Time Transient Survey (CRTS, Drake et al., 2009), and the
All Sky Automated Survey for Supernovae (ASAS-SN, e.g. Wagner et al., 2014) have greatly
improved our knowledge of the space density of AM CVn systems, but not without bias. As
matter is transferred via accretion discs in AM CVn systems, their mass accretion rates decrease,
increasing their orbital periods (Porb) and changing the appearance of their spectra. In SDSS
data, longer period AM CVn (Porb > 25 mins) are preferentially discovered due to their emission
line features, as opposed to short-period systems which exhibit absorption line spectra closely
resembling those of DB white dwarf stars (Carter et al., 2013). The PTF discoveries are biased
towards outbursting systems which typically have orbital periods between 25 and 40 minutes.
There was therefore a need for dedicated surveys targeting shorter period systems (Porb < 25
mins) in order to build up a well-informed space distribution of UCBs. It was with this goal in
mind that the OmegaWhite Survey was designed. However, this Thesis does not discuss the space
density of AM CVn in any detail, but rather attempts to lay the groundwork for these values to
be determined once the survey observations have been completed.
1.3 The OmegaWhite Survey
The OmegaWhite (OW) survey is a wide-field synoptic survey, covering 400 deg2 at low Galactic
latitudes (|b| <10 degrees) using high-cadence optical observations. OW operations began in
December 2011 with ESO Semester 88, and so far, 204 deg2 of OW data has been observed,
during ESO periods P88 – P97.
1.3.1 Observations
OW observations are obtained in g-band using the wide field instrument OmegaCAM (Kuijken,
2011) located on the VLT Survey Telescope (VST, Capaccioli & Schipani 2011). The VST is a
2.65-m wide-field survey telescope situated at the ESO Paranal Observatory in Northern Chile.
The sole instrument on the telescope, OmegaCAM is a 16k x 16k imaging camera, covering one
square degree with 32 CCDs (each 2k x 4k) at a plate scale of 0.216 arcsec/pixel. In Figure 1.2,
we show a mosaic of the reference frames from each of the 32 chips of OmegaCAM for a one
square degree OW field.
1.3.2 Observing strategy
The OW observing strategy has been optimised to detect binary stars with orbital periods in the
5 to 30 minute range. Following the Faint Sky Variability Survey, around 15 to 20 consecutive
observations are necessary in order to reliably identify and accurately determine the period of
variability of such objects (Groot et al., 2003; Morales-Rueda et al., 2006). Since there is always
a compromise between sky coverage and cadence, the observing strategy was built to optimise
these two factors.
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Table 1.1: OmegaWhite Observation Log
ESO Period Observation Dates Observed Fields RA (J2000) DEC (J2000)
(hrs) (hh:mm) (o:“)
88 Dec. 2011 → Apr. 2012 26 07:35 → 08:25 –30:00 → –26:00
90 Nov. 2012 → Mar. 2013 4 07:05 → 08:25 –30:00 → –25:00
91 Apr. 2013 → Sep. 2013 26 17:00 → 18:25 –29:30 → –23:30
92 Dec. 2013 → Apr. 2014 8 07:05 → 08:40 –31:00 → –26:00
93 Apr. 2014 → Sep. 2014 34 17:05 → 18:30 –32:30 → –21:30
94 Dec. 2014 → Apr. 2015 36 07:15 → 08:30 –33:00 → –22:00
95 Apr. 2015 → Sep. 2015 40 17:15 → 18:30 –34:00 → –21:30
96 Oct. 2015 → Apr. 2016 22 17:15 → 18:30 –34:00 → –21:30
97b May. 2016 → Apr. 2016 8 17:15 → 18:30 –34:00 → –21:30
a Ideally, 2 neighbouring fields are observed in 2 hours.
b Current semester, observed fields as of 20 June 2016
Two neighbouring one square degree fields are alternatively observed in 39-s exposures over
a duration of 2 hours. Each field has a mean observational cadence of 3.5 minutes such that a
total of 38 exposures are obtained per field. This exposure time allows for observations to reach
magnitude limits of g ≈ 21.5 (10 σ) per exposure.
The OW survey aims to cover 400 deg2 along the Galactic plane (|b| < 5 degrees) and Galactic
bulge (|b| < 10 degrees). The field pointings have been chosen such that they overlap with the
VST Photometric Hα Survey of the Southern Galactic Plane (VPHAS+, Drew et al., 2014) and
the Galactic Bulge Survey (GBS, Jonker et al., 2011) in order to obtain broad-band colours and
photometric zeropoints, whilst avoiding bright stars (V < 5 mag). Of the proposed fields, 204
fields have so far been observed during ESO periods from P88 to the current semester P97. The
details of these observations are listed in Table 1.1, and the pointings are shown in Figure 1.3.
1.4 OmegaWhite pipeline
The OW processing pipeline is discussed in detail in Chapter 2 and Chapter 3 of this Thesis. We
follow a four step procedure: we 1) reduce the images and apply an astrometric correction; 2)
extract the light curves using difference imaging, detrend them, and calibrate the magnitudes; 3)
flag poor photometric sources and determine the variability parameters; and 4) identify variables
using their light curve and colour statistics. This pipeline is further summarised in Figure 1.4.
7
Chapter 1 : Introduction
Figure 1.3: The observed OW field pointings (as of 20 June 2016) from the two regions along
the Galactic plane (dashed line), including the Galactic Bulge region (lower panel).
Semester 97 is currently ongoing.
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Figure 1.4: OW processing pipeline. Steps are detailed in Chapter 2 and 3 of this thesis. References: aLang et al. (2010), bWozniak (2000),
cTamuz et al. (2005), dHenden et al. (2012), eHartman et al. (2008), fDrew et al. (2014), gSkrutskie et al. (2006)
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1.5 Follow-up observations
In large surveys such as OW, it is important that dedicated follow-up studies are conducted in
order to confirm the nature of astrophysically interesting sources, to study their physical proper-
ties, and to improve population studies. Therefore we have conducted, and are in the process of
conducting, several follow-up photometric, spectroscopic and polarimetric campaigns on selected
OW variables. The results from the first 4 years of follow-up observations are presented in Chap-
ter 4, where we detail observations made using numerous instruments and telescopes, primarily
based at the South African Astronomical Observatory (SAAO). For photometric observations, we
used the Sutherland High-speed Optical Cameras (SHOC, Coppejans et al., 2013) on the 1.0-m
and 1.9-m South African Astronomical Observatory (SAAO) telescopes.
Spectroscopic follow-up was conducted using either the Spectrograph Upgrade – Newly Im-
proved Cassegrain spectrograph (SpUpNIC, Crause et al., in prep) on the SAAO 1.9-m telescope,
or the Robert Stobie Spectrograph (RSS, Kobulnicky et al., 2003) on the 10-m Southern African
Large Telescope (SALT, Buckley et al., 2006).
Photometric follow-up observations, at a higher cadence and/or for a longer duration than the
OW light curves are important for a number or reasons. Firstly, high-cadence observations over a
long duration can improve the accuracy of the dominant period determined from the OW pipeline,
and can help to characterise typically short eclipse features in eclipsing binaries. Furthermore,
photometric observations can also be used to search for harmonics relating to the dominant period,
or to unrelated multi-mode periods. This is especially important in determining the origin of the
variations. For example, pulsating stars are expected to exhibit multi-mode pulsations, whereas
a single-mode variation may be the result of a rapidly rotating source, or due to the rotation
of a binary star system. The target can be further characterised by analysing the shape of the
light curve, and whether this shape changes over several follow-up observations. For example,
longer observations can reveal secondary humps in short-period binary systems where the true
orbital period is actually double the OW determined period. Furthermore, some sources such as
cataclysmic variables, are known to exhibit state changes where both the period and amplitude
may vary over time.
Through spectral line identification, and continuum and line modelling, the spectra of a target
can be used to immediately distinguish between various objects such as an AM CVn and a
pulsating hydrogen-enriched white dwarf (DAV, or ZZ Ceti), or CV. AM CVn binaries exhibit
helium lines but no hydrogen, while pulsating subdwarf B stars show deep hydrogen absorption
lines, and accreting binaries with main sequence secondaries will show hydrogen emission lines.
Furthermore, a pulsating white dwarf and an AM CVn can be distinguished from their equivalent
width ratios (for e.g., O’Donoghue et al., 1994). Pulsating stars such as δ Sct and SX Phe can
be identified through their hydrogen, sodium and magnesium absorption lines, with strengths
characteristic of A-type, or early F-type stars. However, high resolution spectra and detailed
spectral modelling are necessary in order to accurately differentiate between the two pulsating
star types. The existence of specific metal lines in the spectra can also help determine important
characteristics of the system, such as the nature of the donor star and evolutionary history (Carter
et al., 2014b; Woudt et al., 2013).
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1.5.1 Target selection
Follow-up targets in the OW Survey have primarily been selected based their colour information
(as determined by multi-band comparisons with surveys such as VPHAS+, Drew et al. 2014)
and their light curve characteristic, which include statistical investigations such as Lomb Scargle
periodogram and Analysis of Variance tests. Since the primary goal of OW is to search for
short-period UCBs, the original selection criteria was biased towards very blue objects (u − g <
0.0) exhibiting a short and significant periodic variation (period<45 mins with a low false alarm
probability log10(FAP ) < –2.5). Only a few OW targets exhibited the very blue colours typically
associated with AM CVn, and since they were relatively faint, they had to be observed with
the 10-m class telescope SALT. From spectroscopic follow-up, the majority of the other brighter
short-period targets were found to have A- or F- type spectral features, and therefore are likely
δ Sct targets. As detailed in Chapter 4, this population of δ Sct was found to reside in a specific
region of period-amplitude space. Therefore, the target selection has since been refined in order
to increase the probability of detecting rare short-period systems.
Target selection now looks specifically at sources that have the following properties:
• high amplitude variations (amplitude A > 0.2 mag). These targets could include eclipsing
systems, outbursting CVs, high amplitude δ Sct and pulsating subdwarf B stars.
• very short periods (periods < 20 mins). Systems in this region could also include rapidly
oscillating Ap stars, ultracompact binary systems, pulsating subdwarfs, or pulsating white
dwarfs (DAV, DBV, DQV etc)
• very blue (u − g < 0.0). Regardless of the observed period, we have selected a number of
potentially interesting sources exhibiting relatively blue colours.
• previously identified in the SIMBAD survey. A number of SIMBAD sources, such as sym-
biotic binaries and the central stars of planetary nebulae have been found to exhibit short-
period variability in the OW survey. Since short-period variability is unusual in systems
such as these, this makes them ideal candidates for follow-up observations.
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1.6 This Thesis
This thesis presents detailed properties of the OmegaWhite Survey, including observing strategy,
processing pipeline and variable star selection routines. Furthermore, results from the initial 4.5
years of operations (since it started in December 2011) are discussed. In Chapter 2, the observing
strategy and processing pipeline are detailed, and results from the initial 26 deg2 are analysed.
This analysis is extended to the first 4 years of OW operations in Chapter 3, where a study is
made into selected individual systems and the various populations they belong to. This includes
the bluest variables, which are our most likely UCB candidates. In Chapter 4, the photometric
and spectroscopic follow-up observations of a number of variables identified in the OW survey
are presented and the light curve parameters determined during the OW processing pipeline are
verified. Chapter 5 looks at the discovery of a warm, variable DQ white dwarf in the OW survey
(only the second known) and, finally, the main results from the first 4.5 years of OW operations
and the future of the survey is discussed in the Summary & Conclusion Section.
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Abstract
We present the goals, strategy and first results of the OmegaWhite survey: a wide-field
high-cadence g-band synoptic survey which aims to unveil the Galactic population of
short-period variable stars (with periods < 80 min), including ultracompact binary
star systems and stellar pulsators. The ultimate goal of OmegaWhite is to cover 400
square degrees along the Galactic Plane reaching a depth of g = 21.5 mag (10σ), using
OmegaCam on the VLT Survey Telescope (VST). The fields are selected to overlap
with surveys such as the Galactic Bulge Survey (GBS) and the VST Photometric Hα
Survey of the Southern Galactic Plane (VPHAS+) for multi-band colour information.
Each field is observed using 38 exposures of 39 s each, with a median cadence of ∼2.7
min for a total duration of two hours. Within an initial 26 square degrees, we have
extracted the light curves of 1.6 million stars, and have identified 613 variable candi-
dates which satisfy our selection criteria. Furthermore, we present the light curves and
statistical properties of 20 sources which have the highest-likelihood of being variable
stars. One of these candidates exhibits the colours and light curve properties typically
associated with ultracompact AMCVn binaries, although its spectrum exhibits weak
Balmer absorption lines and is thus not likely to be such a binary system. We also
present follow-up spectroscopy of five other variable candidates, which identifies them
as likely low-amplitude δ Sct pulsating stars.
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Table 2.1: Overview of recent high-cadence synoptic surveys
Survey Field Location Total Sky Coverage Depth Variability sensitivity
(deg) (deg2) (V mag) (min)
OmegaWhitea |b| ≤ 10 400 21.5 > 6
RATSb |b| ≤ 30 46 22.5 > 5
RATS-Keplerc 6 ≤ |b| ≤ 21 49 22.5 > 5
FSVSd |b| ≥ 20 23 24.0 > 24
DLSe |b| < 10 21 25.5 > 15
Keplerf 15 ≤ |b| ≤ 25 116 20.0 > 1 or > 30
SuperWASPg all sky all sky 15.0 > 10
aThis paper, bRapid Temporal Survey (Ramsay & Hakala, 2005),
c(Ramsay et al., 2014), dFaint Sky Variability Survey (Groot et al.,
2003), Deep Lens Survey e(Becker et al., 2004), f (Borucki et al., 2010),
gWide Angle Search for Planets (Pollacco et al., 2006)
2.1 Introduction
Time domain astrophysics has been transformed over the last decade. Whereas in the past,
photometric data of individual objects were painstakingly obtained using high speed photometry
or dedicated long term projects, now a whole series of synoptic projects have been developed
to observe large areas of sky over short time-scales giving photometric data on thousands or
millions of objects. The diversity of goals of these projects is considerable, ranging from detecting
transiting exo-planets (e.g. the main aim of the ‘Super-WASP’ project, Pollacco et al., 2006)
to discovering supernova outbursts (e.g. supernova discoveries in the Palomar Transient Factory
(PTF), Law et al., 2009).
In the field of Galactic binary research, one key goal has been to discover individual sys-
tems with astrophysically interesting properties. Of particular interest are ultracompact binaries
(UCBs) which have an orbital period (Porb) of ≤ 70 min, implying that the secondary star cannot
be a main-sequence star (Rappaport et al., 1982). Furthermore, these hydrogen-deficient objects
are predicted to be the strongest known sources of gravitational wave radiation (GWR) in the
passband of the satellite observatory eLISA (Amaro-Seoane et al., 2013; Roelofs et al., 2007), and
as such are important calibrators that provide verification of the existence and detectability of
GWR. Moreover, the evolution of these binary systems is influenced by the emission of GWR in
addition to the mass transfer phase. Therefore, the study of UCBs will also help to answer key
questions of late-stage binary evolution. Earlier estimates of their intrinsic numbers suggested a
relatively high foreground contribution from UCBs to the gravitational wave signal from merging
supermassive black holes within the eLISA band. However, in a series of papers using SDSS and
PTF data (Roelofs et al., 2009; Rau et al., 2010; Carter et al., 2013; Levitan et al., 2015), it is now
clear that the predicted number density of AMCVn binaries (semi-detached and mass transferring
UCBs) in the Solar neighbourhood is 5 ± 3 × 10−7pc−3, a factor 50 lower than previous estimates
by Nelemans et al. (2001a). Other surveys which have recently had success in discovering new
AMCVn systems include the Catalina Real-Time Transient Survey (CRTS Drake et al., 2009),
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and the All Sky Automated Survey for Supernovae (ASAS-SN, e.g. Wagner et al., 2014).
The emission line method for finding AMCVn systems, on which the SDSS work is based, is
most sensitive to systems with Porb ≥ 30 min. More recently, the PTF survey has been identifying
outbursting AMCVns which have orbital periods shorter than this, but still greater than 22 min
(Levitan et al., 2015). From the total number of 43 known AMCVns, only 6 have periods shorter
than 20 minutes. It is those systems with the shortest orbital period (5 min< Porb < 20 min) which
are predicted to be the strongest emitters of gravitational waves. Determining their population
size is important for both the development of eLISA and for deducing the relative importance
of the three postulated formation channels of these binaries (for a detailed review, see Solheim,
2010). A way to identify those AMCVn stars with the shortest orbital periods is through their
photometric behaviour as they show a periodic modulation on, or close to, the orbital period
(e.g. the first PTF AMCVn discovered, Levitan et al., 2011). Variations are expected due to
eclipses, ellipsoidal variations, irradiation, superhumps, or anisotropic disc hotspot emission in
the system. The detection of these especially short-period systems is the main motivation behind
the OmegaWhite survey.
However, short time-scale photometric variations can also originate from physical changes
within the internal structure or atmosphere of the source. Examples of such sources include flare
stars or fast pulsating stars such as δ Scuti stars (δ Sct, Breger, 2000) or SX Phoenicis variables
(e.g. Rodríguez & López-González, 2000). At even shorter periods, rapidly oscillating Ap or
Am star systems (roAp, roAm), and pulsating white dwarfs (ZZ Ceti variables) exhibit periodic
variations on amplitudes ranging from a percent or less up to several tens of percent on timescales
of a few to tens of minutes.
δ Sct stars have A–F spectral types and are known to have short pulsation periods (typically
0.02 - 0.25 days, Chang et al., 2013), with absolute magnitudes 3 - 5 mag fainter than Cepheids.
However, they are believed to be the second most common variable stars in the Galaxy (Breger,
1979), and their short period makes them relatively easy to detect in high-cadence surveys (e.g.
Ramsay & Hakala, 2005). δ Sct stars can be used as precise distance tracers if the fundamental
radial pulsation mode can be identified (e.g. Petersen & Christensen-Dalsgaard, 1999; McNamara
et al., 2007). For high-amplitude δ Sct stars (HADS), where the pulsation amplitude is greater
than 0.3 mag, it is expected that the dominant period will be due to the fundamental or first-
overtone radial mode. The shortest period δ Sct stars in the Galactic field have a dominant
pulsation period of ∼26min (Kim et al., 2010).
One survey that set out to discover short-period systems was the Rapid Temporal Survey
(RATS, Ramsay & Hakala, 2005; Barclay et al., 2011). RATS was carried out using the 2.5-m
Isaac Newton Telescope (INT) on La Palma and the 2.2-m Max Planck Gesellschaft telescope
(MPG/ESO) between 2003–2010, and covered a total of 46 square degrees favouring fields near
the Galactic plane. The fact that no AMCVn was discovered was (in retrospect) not a surprise
since the latest space densities imply that only a few systems (at best) are expected in a survey
covering this area. However, the survey did discover many new and interesting short-period
variables, including a possible hybrid sdBV pulsator exhibiting long-period g-modes (Ramsay
et al., 2006) and a dwarf nova discovered through its high-amplitude quasi-periodic oscillations
(QPOs) in quiescence (Ramsay et al., 2009).
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Table 2.2: OmegaWhite observation log for observations made between December 2011 and April
2015
ESO Period Observation Dates Allocated Time Observed Fields RA (J2000) DEC (J2000)
(hrs) (hrs) (hh:mm) (o:′)
88 Dec. 2011 → Apr. 2012 32 28 07:35 → 08:25 –30:00 → –26:00
90 Nov. 2012 → Mar. 2013 64 8 07:05 → 08:25 –30:00 → –25:00
91 Apr. 2013 → Sep. 2013 64 36 17:00 → 18:25 –29:30 → –23:30
92 Dec. 2013 → Apr. 2014 48 6 07:05 → 08:40 –31:00 → –26:00
93 Apr. 2014 → Sep. 2014 80 36 17:05 → 18:30 –32:30 → –21:30
94 Dec. 2015 → Apr. 2015 64 34 07:15 → 08:30 –33:00 → –22:00
The OmegaWhite Survey, which is now being conducted using OmegaCam on the VST, has
a similar observing strategy to RATS (See Table 2.1 for a comparison of similar stellar wide-field
surveys). However, OmegaWhite aims to cover a much wider area (400 square degrees) at lower
average Galactic latitudes (|b| < 5 degrees). In this paper we present: the OmegaWhite observing
strategy, the reduction pipeline, our method for identifying objects of interest, an outline of those
variables identified in ESO semester 88 (Dec. 2011 – Apr. 2012), and a discussion of the science
goals which can be investigated using these data.
2.2 Observations
OmegaWhite observations are taken in g-band using the wide-field instrument OmegaCAM (Kui-
jken, 2011) on the VLT Survey Telescope (VST, Capaccioli & Schipani, 2011). The VST is a
2.65-m wide-field survey telescope situated at the ESO Paranal Observatory in Northern Chile.
The sole instrument on the telescope, OmegaCAM is a 16k × 16k imaging camera, covering one
square degree with 32 CCDs (each 2k × 4k) at a plate scale of 0.216 arcsec/pixel.
The OmegaWhite survey targets 400 square degrees along the Galactic plane (|b| < 5 degrees)
and Galactic bulge (|l|,|b| < 10 degrees), of which 148 fields (equivalent to 148 square degrees) have
been observed during ESO semesters 88 to 94 (see Table 2.2 for semester details, and Figure 2.1
for pointing locations). OmegaWhite fields were chosen to overlap with the VST Photometric
Hα Survey of the Southern Galactic Plane (VPHAS+, Drew et al., 2014) and the Galactic Bulge
Survey (GBS, Jonker et al., 2011) pointings in order to obtain broad-band colours and photometric
zeropoints, whilst avoiding bright stars (V < 5 mag).
2.2.1 Observing strategy
The OmegaWhite observing strategy has been primarily designed to detect binary stars with
orbital periods in the 5 to 60 minute range, whilst optimising the compromise between sky coverage
and cadence. Two neighbouring one square degree fields are alternatingly observed in 39 second
exposures over an observing duration of 2 hours, with an observational median cadence of ∼2.7
minutes per field. Thus 38 exposures per field are obtained. From the Faint Sky Variability
Survey (FSVS Groot et al., 2003), it was determined that ∼25 observations are necessary in order
to reliably identify and accurately determine the period of short-period variables (Morales-Rueda
et al., 2006).
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Figure 2.1: The two regions of OmegaWhite field pointings along the Galactic plane (dashed line),
including the Galactic Bulge region (lower panel). Fields are either observed (light
grey, both panels), scheduled for semester 95 (dark grey, lower panel), or scheduled
for semester 96 (dark grey, upper panel). Semester 88 field pairs are indicated by their
identification number, and their respective co-ordinates are listed in Table 2.A.1.
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An exposure time of 39 s allows for observations to reach magnitude limits of g ≈ 21.5 (10σ)
per exposure. Much deeper than this is, at times, not useful in the Galactic Plane with seeing-
limited ground-based observations due to stellar crowding. Also, it is unlikely that we will get
astrophysically useful identification/follow-up spectra for sources fainter than g ≈ 21 mag.
Every two hour observation consists of five observing blocks, each having a respective duration
of 21 min, 29 min, 20 min, 21 min, and 29 min (in sequential order). The irregular durations help
break any aliasing that may arise from regular scheduling. At the start of every observing block,
the field is reacquired for refocusing and image analysis purposes. For our observations, the seeing
is ≤ 1“ with clear to thin cloud conditions at the start. However, we are required to relax these
constraints for the two observing blocks starting after one hour. Specifically, the seeing is allowed
to increase to 2“ and thick cloud cover is accepted.
2.2.2 Simulations
A key question is whether we can detect the variability of short-period systems (such as AMCVn
binaries) using our current observing strategy and statistical analysis tools. We applied the VAR-
TOOLS suite of software (Hartman et al., 2008, used for variability statistics, see Section 2.3.4)
to the light curves of our OmegaWhite sources, allowing us to determine their respective output
Lomb Scargle Period (PLS), as well as their false alarm probability (FAP). A light curve with
log10(FAP) = −2.5 is likely to be variable at the 3σ confidence level, and the more negative
log10(FAP) is, the more likely it is that the source is variable (see Section 2.3.4 for more details).
We simulated variable OmegaWhite light curves by applying the observing sequence (as out-
lined in Section 2.2.1) to basic sinusoidal waveforms with increasing input periods (Pin) in the
range 1 min ≤ Pin ≤ 180 min. To model each exposure’s intensity, we integrated the sine wave
over the corresponding exposure time interval, to which we then added random Gaussian noise.
For the Gaussian sigma level, we used the root mean square (RMS) of the magnitude of a sample
of observed light curves, calculating how the standard deviation of the mean for each non-variable
light curve in the example field ‘OW_88D_1a’ varies as a function of the source’s magnitude. We
then applied VARTOOLS to the light curves, allowing us to determine PLS and the FAP value
for each Pin. Since the probability of finding our target systems depends on both the variability
amplitude of the light curve (amp) and the RMS (which determines the noise level), we ran our
simulations for a range of RMS to amp ratios (amp/RMS, where 0.01 < amp/RMS < 20.00).
In Figure 2.2, we show the logarithmic absolute deviation from Pin/PLS = 1 for each simulated
light curve in amp/RMS and log10(FAP) space. The lower panel focuses on the initial 20 minutes
of the period range shown in the upper panel, and is sampled at a higher rate (in 0.2 minute
intervals, as opposed to the 1 minute intervals in the upper panel). In both panels, we overlay a
cut-off line to indicate the regions where OmegaWhite sources are variable at the 3σ level, with
log10(FAP) < −2.5 (upper right region). Therefore, using our observing strategy, we can expect
to detect variable sources if they have properties which have amp/RMS ≥ 1.3 and Pin ≥ 5.8 min.
Variable sources with Pin ≥ 1.6 min should be detected provided they have amp/RMS ≥ 2.5.
Additionally, we found that the absolute deviation from Pin/PLS = 1 increases for Pin ≤ 5.8 min
and for Pin ≥ 140 min. Thus PLS will overestimate Pin for sources with Pin ≤ 5.8 min, and PLS
will overestimate Pin for sources with Pin ≥ 140 min.
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Figure 2.2: The logarithmic absolute deviation from Pin/PLS = 1, in period (Pin) and amp/RMS
space, sampled in one minute period bins (upper panel), and in 0.2 minute period bins
(lower panel). The region above and to the right of the white solid line indicates where
sources have log10(FAP) < −2.5, and are therefore considered variable at the 3σ level.
The location of three short-period AM CVn (HM Cnc, ES Cet, and AMCVn) are each
indicated by a star in both panels.
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Table 2.3: Properties of three short-period AMCVn systems
AMCVn Porb V amp amp/RMS Ref.
(min) (mag) (mag)
HM Cnc 5.36 21.1 0.150 3 1,2
ES Cet 10.3 17.1 0.075 15 3
AMCVn 17.1 14.0 0.016 13 4,5,6
References: (1) Israel et al. (1999); (2) Ramsay
et al. (2002); (3) Warner & Woudt (2002); (4)
Smak (1967); (5) Warner & Robinson (1972);
(6) Roelofs et al. (2006)
We applied our observing strategy and VARTOOLS to simulated light curves of three known
short-period AMCVn systems (HM Cnc, ES Cet and, AMCVn, see Table 2.3 for system proper-
ties). As shown in Figure 2.2, the resultant PLS and log10(FAP) imply that we should be able to
detect all three AMCVn systems as significantly variable with log10(FAP) < −2.5 (although we
will likely overestimate the Porb of HM Cnc).
2.3 Data analysis
Our pipeline for cleaning the raw data from instrumental effects, extracting the light curves and
identifying variable stars is a modified version of that used by the RATS (Barclay et al., 2011)
and RATS-Kepler (Ramsay et al., 2014) surveys. Here we give an overview of our procedure.
2.3.1 Image reduction and astrometric calibration
Median bias frames were created for each night, and a median g-band flat field, made using
twilight fields, was created for every month for which science images were available (because flat
field data were not acquired for every night). The raw science images were then cleaned using
standard procedures through bias subtraction and flat field division. We notice the ‘negative
cross-talk’ effect on frames from some chips - mostly on Chip #96 (Kuijken, 2011; Drew et al.,
2014).
Until early 2014, the VST has suffered various technical problems which caused the appearance
of scattered light on many images. These issues were only resolved once baﬄes had been fit to
the telescope (see Drew et al. 2014 for more details). On semester 88 data, we also found that
the autoguiding did not achieve sufficient precision to ensure that stars were kept fixed on the
same set of pixels over the course of observations. This problem, combined with the potentially
variable sky background, would degrade the resulting photometry. Therefore, we expect that the
photometry derived from semester 94 and onwards (see Table 2.2) would be significantly improved
compared to the results from earlier semesters.
World coordinates were embedded using Astrometry.net software (Lang et al., 2010). This
approach matches the sky position of stars in an image with a set of reference ‘index’ files created
using data from the Two Micron All Sky Survey (2MASS, Jarrett et al., 2000), which are split
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according to the field’s position in the sky and the known angular scale of the image. Initially,
we used the software default index files. However, in crowded stellar fields (as we can find in
our data), the astrometric solution led to discrepancies of several arcseconds between the fitted
and known positions of 2MASS, or the software failed to find a solution for images of some chips.
We sought to solve this problem by setting a brighter magnitude limit on the 2MASS reference
stars, as brighter objects are less affected by crowding with faint sources. To implement this
solution, we created our customised index files using stars within the field of OmegaCam, as well
as 2MASS data (the default angular extent of the 2MASS index files is much greater than the
field of view of OmegaWhite). Additionally, we filtered the 2MASS data to include only stars
whose J-mag photometry has a signal-to-noise ratio greater than five, giving a limit of J ∼ 16.5
mag (whereas the default files tend to go deeper). Our approach led to improved astrometric
solutions for all chips with a typical residual of σ ∼ 0.1“ in right ascension (RA) and declination
(DEC) when compared to the 2MASS positions. Nevertheless, for a small number of fields which
are particularly crowded, the residuals can be an order of magnitude greater.
2.3.2 Light curve creation
Since many of our fields are expected to be crowded, we used the difference imaging analysis
technique to measure stellar fluxes, as implemented in the Difference Image Analysis Package
diapl2 (Wozniak, 2000), which is an adaptation of the original algorithm outlined in Alard &
Lupton (1998). The basic principle consists of subtracting a reference image from each science
frame, after this reference image is degraded with a convolution kernel (a matrix used to smooth
the seeing of the reference image) to match the seeing of each individual image. There are known
to be mild variations in the Point Spread Function (PSF) of stars across the detector (Kuijken,
2011). To account for this potential variation, we split each image into halves before applying the
difference imaging algorithm (splitting the images into smaller units, such as eighths, causes the
pipeline to fail in finding suitable stars to create a model PSF in the case of some subframes).
An example of a reference subframe and the corresponding difference subframe obtained as the
result of subtraction are illustrated in Figure 2.3 (Field OW_88D_15a, Chip #65).
Afterwards, the flux of ‘residuals’ on the subtracted images is measured through aperture
photometry. These residuals are then added to the flux previously measured on the reference
image. Thus, we obtain one photometric point for each star per image. Light curves which had
less than ten photometric points were filtered out at this stage. Ultimately, the mean values of the
measured instrumental magnitudes are calibrated using the AAVSO Photometric All-Sky Survey
catalogue (APASS, Henden et al., 2009) for reference. Thus, all magnitude values listed in this
paper are expressed using the Vega system.
The light curves were then corrected for systematic effects in the data using the SYSREM
algorithm (Tamuz et al., 2005), which assumes that systematic trends affect measurements in a
manner analogous to the effects of atmospheric extinction (dependent on the colour of each star
and airmass of each image).
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(a) Reference subframe (b) Difference subframe
Figure 2.3: Difference subframe (right panel) obtained after the reference subframe (left panel) is
convolved and then subtracted from an individual science subframe. Each subframe
is 3.75′× 3.75′. The residuals visible on the difference frame were caused by saturated
stars.
The algorithm minimises the global expression:
S2 =
∑
ij
(rij − ciaj)2
σ2ij
, (2.1)
where rij is the residual value of magnitude for each data point, ci is the colour term for each star i,
aj is the airmass for each image j and σij is the error. Basically, SYSREM subtracts the product ciaj
from the magnitude of each data point (see Tamuz et al., 2005; Barclay et al., 2011, for details).
In Figure 2.4, we show non-detrended (left panels) and detrended (right panels) light curves for
three non-variable stars, selected from the same field, OW_88D_13a. Their magnitudes are g ∼
15.3 mag, g ∼ 17.0 mag, and g ∼ 18.8 mag. As shown in Figure 2.4, SYSREM is able to successfully
remove large-scale trends (appearing as tilts in the light curve). These trends are typically the
result of atmospheric extinction effects, and are therefore wavelength-dependent.
To assess the quality of our photometric measurements, we study the distribution of the
standard deviation from the mean of measured g-band magnitude, for each light curve on a field-
by-field and chip-by-chip base. In Figure 2.5 we show examples of such plots for two fields, namely,
OW_88D_1a and OW_88D_14b. The RMS plots for almost all of the fields from semester 88
look similar, as expected. However, exceptions are noticed in the case of two particular fields,
namely OW_88D_6a and OW_88D_6b, which both show a higher RMS scattering over the
entire distribution which we attribute to poor observing conditions (variable seeing and thick
clouds were present during the observation run).
22
2.3 Data analysis
0 20 40 60 80 100 120
0.015
0.010
0.005
0.000
0.005
0.010
0.015
∆
 m
a
g
0 20 40 60 80 100 120
0.015
0.010
0.005
0.000
0.005
0.010
0.015
0 20 40 60 80 100 120
0.03
0.02
0.01
0.00
0.01
0.02
0.03
∆
 m
a
g
0 20 40 60 80 100 120
0.03
0.02
0.01
0.00
0.01
0.02
0.03
0 20 40 60 80 100 120
Time (mins)
0.06
0.04
0.02
0.00
0.02
0.04
0.06
∆
 m
a
g
0 20 40 60 80 100 120
Time (mins)
0.06
0.04
0.02
0.00
0.02
0.04
0.06
Figure 2.4: The results of applying the detrending algorithm for three light curves (from top to
bottom having g ∼ 15.3 mag, g ∼ 17.0 mag, and g ∼ 18.8 mag). Systematic trends
that appear as large-scale wavelength-dependent effects tilting the light curves in the
left panels are successfully corrected for as shown in the right panels.
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Figure 2.5: Distributions of standard deviations of magnitude for each light curve as a function
of measured g-band magnitude, obtained using data from two fields observed during
semester 88. The grey scale represents a 2D histogram showing the number of stars
in bins of 0.05 × 0.025 mags.
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Table 2.4: Results of flagging stars in Field OW_P88_1a.
Flag 1 = stars close to edge of images within 30 pixels
Flag 2 = saturated and faint stars (g < 13.5 mag and g > 21.5 mag resp.)
Flag 3 = stars with high sky background (1.5σ above median)
No. Stars %
Initial 60223 100
Flag 1 1926 3.2
Flag 2 3221 5.4
Flag 3 2274 3.8
All flags 7191 11.9
Unflagged 53032 88.1
2.3.3 Flagging method for poor photometry detections
In order to investigate the number of bona fide variable stars, some of the automatically selected
sources were manually checked through visual inspection of their light curves, their Discrete
Fourier Transform (DFT) power spectra and the corresponding CCD images. As a result of this
verification stage, we found that the light curves of many of our detections are affected by poor
photometry. In most cases they were wrongly identified as variable stars since they were either
within a few arcseconds of very bright objects, or situated in the diffraction spikes of saturated
stars. We therefore modified our pipeline to identify three types of possible poor photometry
objects. Firstly, we flagged stars located within 30 pixels to the edge of images, or close to bad
columns of pixels. Secondly, we flagged very faint stars with low signal-to-noise ratio (g > 21.5
mag) and very bright stars which could be saturated (g < 13.5 mag). Finally, stars with a high
background sky were flagged, including the faint sources on diffraction spikes of bright stars. The
flagging threshold was set to a value of 1.5σ above the sky background median for the entire
image.
In Table 2.4, we note the total number of stars in Field 1a and the number of stars which were
flagged for one or more of the three reasons. For example, a very faint star with magnitude g >
21.5 mag and which is close to diffraction spikes would have been flagged twice. In total, 11.9%
of the stars in Field 1a were flagged.
2.3.4 Variability
We applied a variety of statistical tests to the light curves using the VARTOOLS Light Curve
Analysis Program. As outlined by Graham et al. (2013) and Ramsay et al. (2014), different
tests are better suited to identifying particular types of variable stars. For example, the Lomb
Scargle test (LS, Lomb, 1976; Scargle, 1982) is suitable for finding short-period pulsating sources
in irregularly spaced data, whilst the alarm test (Tamuz et al., 2006) and Analysis of Variance
periodogram (Schwarzenberg-Czerny, 1989) are ideal for finding eclipsing binaries and flare stars.
Additionally, the Stetson J statistic (Stetson, 1996), which was designed to find Cepheid variables,
is optimally suited to detect high amplitude variables (e.g. contact binaries, flares and long period
pulsators).
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Since our main goal is to identify short-period (Porb < 60 min) variable stars, we use the
LS periodogram as our main tool. The mean cadence of our observations is 3.2 min, while the
median cadence is 2.7 min. Therefore, we chose to set our short-period limit to 6.0 min (which
corresponds to the Nyquist frequency, also see Figure 2.2), and set the long period limit to 2.2
hrs (corresponding to the duration of the observations).
For each light curve we identify the period and the false alarm probability (FAP) corresponding
to the most statistically significant peak in the power spectrum. FAP is a statistic which describes
the probability that the highest peak is caused by random noise. In Figures 2.6a and 2.6b we show
the distribution of all measured stars in period - log10(FAP) space, where the period represents
the highest peak in the power spectrum of individual light curves. The more negative the value
of log10(FAP), the higher the probability that the light curve shows real variability on that time-
scale. In theory, a star having log10(FAP) = −2.5 has a probability of being a variable object
at the 3σ confidence level. The vast majority of sources are located in the upper part of figure,
meaning that (as expected) most stars are not detected as variable using our methods. Only
0.51% of the 1.6×106 sources from semester 88 have log10(FAP) < −2.5, i.e. are detected as
variable within the 3σ confidence interval.
However, in the case of real data, the threshold for variability can be more negative than
the theoretical value log10(FAP) = −2.5, because of systematic effects such as red noise. This
can be seen in Figure 2.6, where there is a greater spread in log10(FAP) values towards longer
periods. This indicates the presence of red noise, which affects the stars with possible variability
on longer time-scale. Thus, we use the median absolute deviation from the median (MAD), a
more robust statistic to detect the variable candidates which are outliers (in the very long tail of
the distribution).
We apply the same procedure and codes explained in detail by Barclay et al. (2011) and
Ramsay et al. (2014). We sort the data according to period and group them in bins of 2 minutes.
For all stars in each bin, we then compute the median of log10(FAP) values (medianLogFAP ),
and the median absolute deviation from medianLogFAP (MADLogFAP ), and select as variable
candidates the stars which obey the condition:
log10(FAP ) < medianLogFAP + (n×MADLogFAP ) (2.2)
where n is an integer which defines how far a source is from the local median (medianLogFAP ).
Since there is no pre-established recipe, the stars are selected by experimenting with different
values of n.
An example of this experiment is shown in Figure 2.6a. We overlay the automatically detected
variable stars from Field 1a, on top of all stars measured in semester 88. The number of stars
selected for each value of n are listed in the legend. As the same stars that were selected for
high values of n are also included in the lower n value sets, for clarity in Figure 2.6a we plot
each star only once. We notice that the value of n and the number of selected stars are inversely
proportional. This proves that the lower the value of n, the higher the probability that the
selected stars are poor photometry detections because their light curves show variations caused
by systematic effects.
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(a) Variable stars in Field OW_88D_1a.
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(b) Variable stars in ESO semester 88.
Figure 2.6: Distribution of all 1.4×106 unflagged stars from semester 88 data in Period -
log10(FAP) space. Data are grouped in 1-minute bins on the period axis and in
0.1 units on the log10(FAP) axis. Coloured contours are plotted starting from
log10(number of stars) = 1 and then at levels incremented by 0.5 to indicate trends
in the distribution. In Figure 2.6a the number of variable candidates automatically
selected from Field 1a data are plotted on top. In Figure 2.6b the variable candidates
are overlaid.
27
Chapter 2 : The OmegaWhite Survey I: Overview and First Results
Table 2.5: The variable candidates automatically selected from the entire set of data observed
during ESO semester 88, for a set of values of n are listed. The selection algorithm was
applied on the set of unflagged stars.
Period 0-20 min 20-40 min P > 40 min Total
n (No. stars) (No. stars) (No. stars) (No. stars)
5 177 139 4546 4862
10 177 136 2017 2330
15 29 56 528 613
20 0 18 126 144
25 0 6 29 35
We show our sample of variable candidates automatically selected using MAD statistic of
LS false alarm probability in Table 2.5. The total number of automatically selected candidates
for a set of values of n are shown in the last column, ‘Total’. Furthermore, we group the stars
in intervals of periods associated with the three AMCVn states (based on disc and outbursting
properties). We have chosen the set of variable stars detected for n = 15 in the next steps of data
analysis.
2.3.5 Colour analysis
The VPHAS+ survey (Drew et al., 2014) obtains photometric measurements in u-, g-, r-, i- and
Hα-bands along the southern Galactic plane. Using these multi-band colours, we can identify
specific types of variable stars which lie within certain regions of colour-colour space. As an
example, AMCVn systems are known to be very blue sources and thus occupy a distinctive region
of the u− g vs g − r colour plane (Carter et al., 2013). We have additionally cross-matched our
data with other multi-colour survey catalogues such as the Two Micron All Sky Survey (2MASS,
Jarrett et al., 2000) and the AAVSO Photometric All-Sky Survey (APASS, Henden et al., 2009).
However, these surveys do not reach the depths of OmegaWhite, and thus some of our fainter
sources currently lack colour information from these surveys.
Although we found that 98% of the stars in Field 1a match stars in four VPHAS+ fields,
some of our fields lack colour information because they have not yet been fully covered by the
VPHAS+ survey. Out of the 26 deg2 of data observed in semester 88, 7 deg2 (i.e. 26.9% of our
fields, namely Fields 4b, 5a, 5b, 8a, 8b, 9a, 9b) lack colour data. Thus, in the case of our sample
of 613 variable candidates selected for n = 15 (see Section 2.3.4), we found information in all
three u-, g-, r-bands for 362 stars (59.1%). We show their distribution in colour - colour space in
Figure 2.7, and list their properties in Table 2.A.2 .
2.4 Initial survey results
We have extracted the light curves of 1.6×106 stars from the initial 26 square degrees of the
OmegaWhite Survey (semester 88 data). Of these stars, 2.0×105 (12.5%) were flagged in the
manner described in Section 2.3.3. Variable candidates were selected from the 1.4 ×106 unflagged
stars remaining (87.5%), using the automatic method described in Section 2.3.4.
28
2.4 Initial survey results
(a) colour-colour plot of all fields observed during semester 88
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(b) Zoom in of the blue region
Figure 2.7: Distribution of all 362 stars measured in semester 88 data, for which VPHAS+ colour
information was available is shown in u− g vs g − r space. In the upper panel, stars
are distributed in a 2D histogram with bins of 0.005 mag units and the sample of
variable candidates selected for n = 15 are overlaid. For comparison, we plot 14 of the
known SDSS AM CVn stars as circles (Carter et al., 2013), the four known detached
double white dwarf systems with periods less than 1 hour as triangles (Kilic et al.,
2011; Hermes et al., 2012; Kilic et al., 2014), and the tracks for main sequence stars,
DA and DB white dwarfs. For the MS track, we used the synthetic colours provided
by Drew et al. (2014) for Rv=3.1 and extinction coefficient A0 = 0. The synthetic
colours for the cooling tracks were taken from Raddi et al. (2016) for models with a
surface gravity of log g = 8.0. A close-up of the blue-square (i.e. the square where
all the blue UCBs are expected to be found) is shown in the lower panel. One of our
variable sources, OW J074106.1–294811.0, lies in this blue region together with other
known AM CVn stars. 29
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Table 2.6: Parameters of the variable stars shown in Figure 2.8: star ID; RA and Dec; Lomb
Scargle period (PLS) and false alarm probability (log10(FAP)) of the highest peak in
the periodogram, OW calibrated g-band magnitude, RMS of magnitude, VPHAS+
colour indices g − r and u− g, and comments on variability type.
Star ID RA (J2000) DEC (J2000) PLS log10(FAP) OWg RMS g − r u− g Comments
(hh:mm:ss) (o:′:“) (min) (mag) (mag) (mag) (mag)
OW J073919.7–300922.7 07:39:19.7 –30:09:22.7 17.38 –2.83 16.26 0.002 0.38 0.37
OW J075532.6–280854.3∗ 07:55:32.6 –28:08:54.3 21.57 –4.17 16.70 0.008 0.44 0.44 δ Sct (F5V)
OW J074106.1–294811.0∗ 07:41:06.1 –29:48:11.0 22.56 –3.87 20.02 0.106 –0.08 –1.25 pulsating subdwarf?
OW J075359.8–275732.6∗ 07:53:59.8 –27:57:32.6 26.19 –5.28 13.98 0.008 0.26 0.30 δ Sct (F2V)
OW J073739.2–291035.8 07:37:39.2 –29:10:35.8 29.34 –4.23 16.97 0.006 0.59 0.48
OW J080916.7–292158.0∗ 08:09:16.7 –29:21:58.0 31.14 –5.78 15.30 0.010 0.29 0.27 δ Sct (F2V)
OW J074513.2–261036.0∗ 07:45:13.2 –26:10:36.0 38.19 –3.73 14.73 0.004 0.21 0.29 δ Sct (F0V)
OW J074106.4–293325.5∗ 07:41:06.4 –29:33:25.5 38.81 –4.89 15.75 0.004 0.33 0.27 δ Sct (F2V)
OW J080304.9–273919.9 08:03:04.9 –27:39:19.9 43.13 –4.31 17.61 0.012 0.38 0.36
OW J075435.7–292039.6 07:54:35.7 –29:20:39.6 45.49 –5.54 15.23 0.008 1.44 1.13
OW J073830.1–293053.3 07:38:30.1 –29:30:53.3 52.93 –6.10 17.47 0.012 0.74 0.65
OW J073701.4–291943.1 07:37:01.4 –29:19:43.1 55.25 –4.73 14.02 0.007 0.38 0.37
OW J081015.6–280338.9 08:10:15.6 –28:03:38.9 56.12 –4.62 17.62 0.021 0.52 0.29
OW J074108.7–291003.0 07:41:08.7 –29:10:03.0 59.13 –5.78 16.41 0.012 0.35 0.55
OW J080729.2–293417.1 08:07:29.2 –29:34:17.1 62.68 –5.19 17.00 0.012 0.46 0.28
OW J080733.2–294044.8 08:07:33.2 –29:40:44.8 63.57 –5.44 16.71 0.009 0.53 0.42
OW J081024.7–292038.4 08:10:24.7 –29:20:38.4 66.01 –4.77 15.04 0.009 0.37 0.24
OW J075131.7–261359.9 07:51:31.7 –26:13:59.9 73.59 –6.02 14.89 0.027 0.34 0.32
OW J074611.1–300043.3 07:46:11.1 –30:00:43.3 78.67 –4.50 15.01 0.012 0.54 0.41
OW J080154.6–281513.9 08:01:54.6 –28:15:13.9 116.63 –4.44 17.11 0.210 0.74 0.27 Contact binary
∗Observed spectroscopically with SALT, results presented in Sec-
tion 2.4.1
We thus identified a subset of 613 sources that were significantly variable (with log10(FAP)
< −2.5) using n = 15 in our MAD routines, and list their properties in Table 2.A.2. Of these, 29
sources exhibit dominant periods less than 20 minutes (4.7%), 56 sources have periods between
20 minutes and 40 minutes (9.1%), and 528 sources have periods greater than 40 minutes (86.2%).
Furthermore, a subsample of 20 variable stars with both colour indices available has been
selected as the most significant examples, after inspecting the light curves, DFT power spectra,
and CCD reference images of each source. They were selected from the sample for n = 20, and
from the 29 stars selected for n = 15 for periods smaller than 20 minutes. The individual light
curves of these examples are displayed in Figure 2.8 and their properties are listed in Table 2.6.
Only the first star shows sinusoidal modulations on a period smaller than 20 minutes, seven have
periods between 20 - 40 minutes, and the rest exhibit variations on longer periods.
In Figure 2.7, we show the colour indices of 1.1×106 unflagged colour-matched stars in the u−g
vs g−r plane. We overlay the colours of the 362 variable candidates which show colour information
and for comparison plot 14 of the known AMCVn stars identified in SDSS data (Carter et al.,
2013), as well as the four known detached double white dwarf systems with periods less than 1
hour (Kilic et al., 2011; Hermes et al., 2012; Kilic et al., 2014). One of the 362 variables, namely
OWJ074106.1–294811.2 (g − r = −0.08 and u − g = −1.25) has colours consistent with those
of an AMCVn star, a short-period double-detached system, or a pulsating white-dwarf/subdwarf
candidate (as shown in Figure 2.7 and in Table 2.6). We present follow-up spectral observations
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Figure 2.8: Example set of light curves selected from 613 variable candidates detected in semester
88 data. The six stars marked with an asterisk have been followed-up spectroscopically
using the RSS spectrograph on SALT.
of this source, and discuss its possible nature in Section 2.4.1.
The majority of the 613 variable candidates exhibit periodic variations, amplitudes or colours
that are more consistent with pulsating sources, and are likely to be either δ Sct stars, SX Phe
pulsators or pulsating white dwarfs. We have also detected longer period systems, such as contact
binary candidates. An example of such a system with PLS > 116 min is shown in Figure 2.8.
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Table 2.7: Approximate spectral type of SALT-observed variables
SALT-observed EW (Na I) EW (Hα) EW Ratio ∼ Spectral
Variable (Na I/Hα) Type
OWJ075532.6–280854.3 3.033 ± 0.082 15.599 ± 0.133 0.194 ± 0.028 F5V
OWJ074106.4–293325.5 1.948 ± 0.030 14.443 ± 0.193 0.135 ± 0.020 F2V
OWJ080916.7–292158.0 1.938 ± 0.019 15.971 ± 0.201 0.121 ± 0.016 F2V
OWJ075359.8–275732.6 1.661 ± 0.022 15.775 ± 0.199 0.105 ± 0.018 F2V
OWJ074513.2–261036.0 1.071 ± 0.008 16.297 ± 0.068 0.065 ± 0.066 F0V
2.4.1 Follow-up spectroscopic observations
We have so far obtained identification spectroscopy for six variable candidates (OWJ080916.7–
292158.0, OWJ075359.8–275732.6, OWJ075532.6–280854.3, OWJ074513.2–261036.0,
OWJ074106.4–293325.5, and OWJ074106.1–294811.0 ) using the 10-m Southern African Large
Telescope (Buckley et al., 2006) between December 2014 and April 2015. These variables were
selected for follow-up observations as they were some of our most likely UCB candidates: they
exhibited relatively fast variations with low log10(FAP) values (see Figure 2.6a), and are some of
the bluest sources of our 362 variable candidates. Of these targets, OWJ074106.1–294811.2 is the
only target to exhibit colours consistent with AMCVn systems, as shown in Figure 2.7).
Three exposures of 180 s each were obtained for five of the brighter targets (as listed in
Table 2.7) using the Robert Stobie Spectrograph (RSS, Kobulnicky et al., 2003) in long-slit mode,
with a 1.5“ slit and the PG0300 grating (providing a dispersion of 3.04 Å per binned pixel and
a wavelength range of ∼3200 - 9000 Å). For our faint blue target OWJ074106.1–294811.0, we
obtained a set of two exposures of 1200 s each over two nights (for a total of four 1200s exposures).
Spectra were reduced using standard IRAF (Tody, 1986, 1993) and PYSALT (Crawford et al.,
2010) routines, with either an Ar arc or a Xe arc for wavelength calibration. The resulting spectral
resolution was ∼4 Å for the mean combined spectrum of each source.
Prior to acquiring SALT spectra, the target OWJ074106.1–294811.0 was our most likely UCB
candidate. This source is relatively faint (g = 20.02 mag ) and the light curve shows sinusoidal
modulations on a period of 22.6 minutes (see Figure 2.10 for the light curve and Discrete Fourier
transform of this target). In the right panel of Figure 2.10, we show the SALT-observed spectrum
of this target, along with two spectra from neighbouring stars for comparison. In the target
spectra, there is weak evidence for the Balmer absorption lines Hβ and Hγ, but no Hα (either
due to intrinsic weakness of the line, or (partial) infill by emission). Thus, this object is not likely
to be a UCB (which would exhibit relatively strong helium emission and little to no hydrogen).
Furthermore, the source is relatively blue which is consistent with the properties of a massive
hot DA white dwarf. However, the absorption lines are relatively narrow, and thus it is unlikely
that this is the case. The OmegaWhite g-band magnitude we observed is g ≈ 20.02 mag, while
it was recorded by VPHAS+, on two separate epochs, to have g ≈ 20.00 mag and g ≈ 19.98 mag
respectively. This implies that the target is not likely to be a cataclysmic variable in outburst,
where the variations may be due to strong quasi-periodic oscillations (QPOs, see Morales-Rueda
& Marsh (2002) for examples of outbursting CVs). Although very rare, this does not rule out
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Figure 2.9: Equivalent Width ratios of Na I doublet (5896 Å, 5890 Å) to Hα for a range of spectral
types. Measured EW ratios increase exponentially towards later spectral types (as
shown by the dashed curved line). The measured EW ratio for each of the five SALT
variables are shown by a line spanning all spectral types, with respective measurement
uncertainties indicated by shading. Likely spectral classes for each SALT variable are
listed in Table 2.7.
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Figure 2.10: Properties of blue variable OWJ074106.1–294811.0, including the OmegaWhite light
curve (upper left panel), the Discrete Fourier Transform power spectrum (lower left
panel), and the SALT-observed spectrum (right panel). We plot the continuum-
normalised spectra of the target (lower black spectrum) and the spectra of two
neighbouring stars for comparison (two upper grey spectra). All spectra have been
smoothed by a running average of 3 and an offset has been applied for visualisation
purposes.
that the variations may be due to QPOs during quiescence (for e.g. RAT J1953+1859 exhibits
high amplitude QPOs during quiescence (Ramsay et al., 2009)). Since it is a very blue source,
it is possibly a pulsating subdwarf, although with a relatively long pulsation period. Dedicated
high speed photometry of this object should reveal if this object is indeed a pulsator.
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2.5 Discussion and Summary
The initial 26 square degrees of OmegaWhite data have been fully processed and the light curves
of 1.6×106 stars have been extracted. Of these stars, 12.5% were flagged as having light curves
which could have been degraded by various effects, and were thus disregarded when identifying
variable candidates using the verification methods described in Section 2.3.4. We find that 0.4%
of the stars in semester 88 satisfy our selection criteria: they are not flagged as poor photometry
detections, their Lomb Scargle periods are between 5 min and 120 min, their log10(FAP) < −2.5,
and they were selected using a MAD n value ≥ 15. Furthermore, we find that more than 80%
(the majority) of the 613 sources identified as variables through our pipeline (using n = 15) have
PLS > 40 min, whereas less than 8% of our variables have PLS < 20 min. In Table 2.6 and
Figure 2.8, we show the properties of 20 relatively blue sources as examples of light curves from
our 613 variable candidates. The light curves of 19 of these variables each exhibit variations on a
dominant period between 22 min and 80 min.
Using spectral identification, we determined that at least five of the short-period variable
candidates are likely to be low-amplitude δ Sct type stars. The remaining 608 variable candidates,
including fourteen of the example variables from Table 2.6, have not yet been identified with
spectroscopy. Some of these variables occupy a similar region of the colour-colour space to our
five δ Sct candidates (as shown in Figure 2.7), and also exhibit fast modulations with periods
between 17 min and 80 min. In addition to more detailed analysis of the photometry of these
systems, spectroscopy is now needed to determine whether the majority are either low-amplitude
δ Sct stars, SX Phe pulsators or pulsating white dwarfs.
Within the initial 26 square degrees of OmegaWhite, only one of our 613 candidate variables
exhibit the very blue colours consistent with AMCVn systems (Carter et al., 2013). However, as
it exhibits Balmer absorption lines in its spectrum, it is unlikely to be an UCB. As it is a very blue
source, with weak thin hydrogen lines, it is more likely to be a pulsating subdwarf star. Although
we have not discovered any AMCVn within the initial 26 square degrees, this is a small fraction of
our expected coverage and is thus consistent with recent AMCVn space density estimates (Carter
et al., 2013). Using these estimates, we expect less than one AMCVn within the initial 26 square
degrees. In a future OmegaWhite paper that will examine ∼400 square degrees of the Galactic
Plane (the full coverage of O), we plan to make detailed simulations of the expected AM CVn
space densities as a function of Galactic latitude.
Now that we have formalised our verification procedure and analysed the initial results, we will
apply these techniques to future OmegaWhite data. So far 148 square degrees of OmegaWhite
data has been observed, and we have been allocated an additional 64 square degrees (see Sec-
tion 2.2 for details). This will allow us to get a better understanding of the space density of
sources such as UCBs and δ Sct along the Galactic plane, as well as within the Galactic Bulge.
Furthermore, we are planning photometric and spectroscopic follow-up campaigns for variable
candidates, which is essential for their precise classification.
2.A Subappendix
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Table 2.A.1: We note the sky co-ordinates for the center of all semester 88 fields together with
the number of light curves for sources which lie in the range 13.5 mag < g < 21.5
mag.
Field ID RA DEC Number of
(J2000) (J2000) Light Curves
1a 07:38:57.9 –29:39:20.1 57002
1b 07:43:34.0 –29:39:15.8 62116
2a 07:48:15.9 –29:39:20.1 54741
2b 07:52:52.1 –29:39:15.9 59465
3a 07:57:33.9 –29:39:20.1 49846
3b 08:02:10.0 –29:39:15.9 56663
4a 08:06:51.9 –29:39:20.1 64465
4b 08:11:28.1 –29:39:15.9 61218
5a 08:16:09.2 –29:39:19.9 57718
5b 08:20:45.3 –29:39:16.1 56695
6a 07:43:31.2 –28:39:17.1 57812
6b 07:48:05.3 –28:39:12.9 49519
8a 08:01:56.8 –28:39:17.0 54573
8b 08:06:30.3 –28:39:13.0 61541
9a 08:11:09.3 –28:39:17.0 61184
9b 08:15:42.7 –28:39:13.0 54986
11a 07:48:02.9 –27:39:09.1 48046
11b 07:52:33.9 –27:39:05.0 55484
12a 07:57:10.3 –27:39:09.0 60343
12b 08:01:41.2 –27:39:05.0 67633
13a 08:06:17.8 –27:39:09.0 60572
13b 08:10:48.8 –27:39:05.0 55318
14a 07:38:54.2 –26:38:54.1 35784
14b 07:43:22.7 –26:38:49.9 40929
15a 07:52:28.2 –26:38:54.1 62493
15b 07:56:56.7 –26:38:50.0 55150
Table 2.A.2: Example Parameters of the 613 variable candidates (selected using n = 15): star ID;
RA and Dec; Lomb Scargle period (PLS) and false alarm probability (log10(FAP))
of the highest peak in the periodogram, OW calibrated g-band magnitude, RMS of
magnitude, VPHAS+ colour indices g − r and u − g, and comments on variability
type. See Macfarlane et al. (2015) for full tables.
Star ID RA (J2000) DEC (J2000) PLS log10(FAP) OWg RMS g − r u− g
(hh:mm:ss) (o:′:“) (min) (mag) (mag) (mag) (mag)
OWJ081124.34–295822.8 08:11:24.34 –29:58:22.8 6.47 –3.31 18.04 0.033
OWJ080916.81–281226.2 08:09:16.81 –28:12:26.2 6.75 –3.04 18.13 0.008 0.83 0.55
OWJ075449.27–263259.3 07:54:49.27 –26:32:59.3 6.98 –3.34 20.50 0.087 1.17
...
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Abstract
OmegaWhite is a wide-field, high-cadence, synoptic survey targeting fields in the
southern Galactic plane with the aim of discovering short-period variable stars. Our
strategy is to take a series of 39 s exposures in the g-band of a 1 square degree of
sky lasting 2 h using OmegaCam on the VST. In Macfarlane et al. (2015) we out-
lined the results from data taken in the first 6 months of the project and here we
give an overview of the initial 4 years of data which covers 134 square degrees and
includes 12.3 million light curves. As the fields overlap with the VPHAS+ survey,
we currently have ugriHα photometry for ∼1/3 of our fields. We find that a signifi-
cant fraction of the light curves have been affected by the diffraction spikes of bright
stars sweeping across nearby stars over the two hour observing time interval due to
the alt-az nature of the VST. We select candidate variable stars using a variety of
variability statistics, followed by a manual verification stage. We present samples of
several classes of short-period variables, including an ultracompact binary, a DQ white
dwarf, a compact object with evidence of a 100 min rotation period, three CVs; one
eclipsing binary with a 85 min period, a symbiotic binary which shows evidence of a
31 min photometric period, and a large sample of δ Sct type stars including one with
a 9.3 min period.
37
Chapter 3 : The OmegaWhite Survey II: Results From the First Four Years
3.1 Introduction
The aim of the OmegaWhite (OW) survey is to discover a population of short-period variable
stars close to the Galactic plane (Macfarlane et al., 2015, Paper I). In particular, our main goal
is to discover ultra compact binaries (UCBs) which have orbital periods shorter than <∼70 min.
UCBs can take various guises including X-ray binaries containing white dwarf – neutron star
components (see e.g. Nelemans & Jonker, 2010), subdwarf B star – white dwarf components (e.g.
Geier et al., 2013), double degenerate non-interacting binaries (e.g. Brown et al., 2011, 2016;
Gianninas et al., 2015), and the double degenerate interacting binaries (the AM CVn stars, see
Solheim (2010) for a review).
UCBs are predicted to be strong persistent sources of low-frequency gravitational waves acces-
sible with facilities such as eLISA (e.g. Nelemans, 2013). Early estimates of the intrinsic number
of AM CVn binaries suggested a relatively high gravitational wave background. However, in a
series of papers using SDSS data (York et al., 2000) it was established that the observed space
density of AM CVn stars is 5 ±3× 10−7pc−3 (Carter et al., 2013): a factor of 12 lower than the
‘pessimistic’ model predictions outlined in Roelofs et al. (2007) which were based on the models of
Nelemans et al. (2001b, 2004). The SDSS work led to the discovery of AM CVn stars with orbital
periods in the range 35 min < Porb < 65 min (e.g. Roelofs et al., 2005; Anderson et al., 2005, 2008;
Carter et al., 2014a,b). More recently, the Palomar Transient Factory (PTF) survey has identified
outbursting AM CVn binaries in the 20-35 minute period range (Levitan et al., 2011, 2013, 2014).
It is systems with the shortest orbital period (< 20 min) which are predicted to be the strongest
emitters of gravitational waves. Determining their number is important for the development of
eLISA and for understanding the relative importance of the three predicted formation channels
of these binaries. One way to identify those AM CVn stars with the shortest orbital period is
through their photometric behaviour as they often show a modulation on a period at, or close
to, the orbital period (e.g. HM Cnc, Roelofs et al. 2010; AM CVn itself, Nelemans et al. 2001b;
SDSS J190817+3940, Kupfer et al. 2015).
The OW survey has a similar strategy to the RATS project (Ramsay & Hakala, 2005; Barclay
et al., 2011; Ramsay et al., 2014). However, in contrast to the initial RATS survey, which had a
sky coverage of 40 square degrees, OW has a goal of 400 square degree coverage. With a typical
cadence of 3.5 min, OW has a much higher cadence than the vast majority of wide field synoptic
surveys. For instance, PTF typically has a 5 day cadence (Law et al., 2009), and in the southern
hemisphere, Skymapper (Keller et al., 2007) has a cadence of hours to years. Kepler/K2 is able
to provide 1 min cadence but only for a small number of targets at any time (Gilliland et al.,
2010). Additionally, unlike OW, most surveys exclude the Galactic Plane because of the high
stellar density.
High-cadence observations of fields along the Galactic plane will also deliver a comprehensive
census of short-period variable stars in the Galactic plane. These range from pulsating white
dwarfs, sdB stars, δ Sct stars and their cousins the SX Phe and γ Dor stars, as well as longer
period systems such as contact binaries and transient phenomena such as flare stars.
In this paper, we outline the initial results of the first 4 years (2011 December to 2015 April)
of the OW survey. We briefly summarise the reduction strategy, but highlight specific issues such
as the process of flagging light curves which are likely to show spurious variability. We show
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Table 3.1: The log for OW observations made during ESO Semesters 88–94. We show the calendar
date; the number of fields which were observed and the range in their sky co-ordinates
and the number of light curves (prior to the flagging stage) which were obtained in
each Semester.
ESO Date Observed RA DEC Number of
Period Fields (J2000) (J2000) light curves
(hh:mm) (o:′) (×106)
88 Dec 2011 → Apr 2012 26 07h35m → 08h25m –30o00′→ –26o00′ 1.7
90 Nov 2012 → Mar 2013 4 07h05m → 08h25m –30o00′→ –25o00′ 0.2
91 Apr 2013 → Sep 2013 26 17h00m → 18h25m –29o30′→ –23o30′ 3.5
92 Dec 2013 → Apr 2014 8 07h05m → 08h40m –31o00′→ –26o00′ 0.3
93 Apr 2014 → Sep 2014 34 17h05m → 18h30m –32o30′→ –21o30′ 4.5
94 Dec 2015 → Apr 2015 36 07h15m → 08h30m –32o00′→ –23o00′ 2.1
some examples of new variables which are either examples of rare variable stars or can illuminate
details of physical processes at work. In a companion paper (Macfarlane et al., 2016a, ; Paper
III) we present follow-up photometric and spectroscopic observations of variable stars identified
in the OW survey which were made at the South African Astronomical Observatory, Sutherland,
South Africa.
3.2 Observations
3.2.1 Overview
Observations are made using the VST 2.65-m telescope (Capaccioli & Schipani, 2011; Schipani
et al., 2012) located at ESO’s Paranal Observatory in Chile, and the OmegaCAM instrument
(Kuijken, 2011; Mieske et al., 2013) which has a field of view of one square degree covered by 32
CCDs with a pixel scale of 0.22 arcsec/pixel. We take a sequence consisting of one 39 s exposure;
move the telescope to an adjacent field; take another 39 s exposure; return to the first field and
repeat for 2 hrs in total (all images are taken in the g-band). The mean cadence for observations
of each field is 3.5 min. In Paper I we presented the results of data obtained during Semester 88.
In this paper we present an overview of the data obtained during Semesters 88 and 90–94. For
reference, we show in Table 3.1 the number of fields observed and in Figure 3.1 the sky position
of these fields. In Table 3.A.1 we give details of the individual fields which were observed during
Semester 90–94 (Paper I outlines the fields observed in Semester 88). Combined, these data cover
134 square degrees of sky and we obtain 12.3×106 light curves.
3.2.2 Data reduction
Paper I presents details of our data reduction process which includes the image cleaning process;
the photometric reduction; how we flag light curves which may have been contaminated by in-
strumental effects; and how we identify objects which are variable. For brevity we only give a
summary of these steps and the reader is directed to Paper I for more details of the individual
stages. Here, we highlight issues which may cause a degradation of the light curves.
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Figure 3.1: The two regions of OW field pointings along the Galactic plane (dashed line) and the
Galactic Bulge region (lower panel). We have colour coded fields to indicate in which
Semester the data were obtained.
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Figure 3.2: Two images from Field 1a, Chip 71 taken in Semester 88, observed at different times
in the same night (center of the image is α2000 = 07:40:26, δ2000 = –30:04:18) where
the rotation of the diffraction spikes relative to the detector is clear. The effect of
these spikes sweeping across stars can result in spurious variability.
1. Data are downloaded from the ESO archive and the images are cleaned using a set of master
bias images which have been made on the same day as the science images and a set of master
flat fields which were made from observations obtained during the month of the science
observations. An astrometic solution is obtained for each image using ASTROMETRY.NET
software (Lang et al., 2010). The typical residual to the 2MASS positions is ∼0.1 arcsec
(see Paper I for details).
2. Since our fields lie within ∼5 degrees of the Galactic Plane, many (but not all) of the
fields are crowded. To account for this and to accommodate variations in seeing, we use the
Difference Image Analysis Package DIAPL2 (Wozniak, 2000) to obtain our photometry. Most
wide field photometric surveys show systematic trends in the light curves (i.e. they all show
the same long term features) which are due to variations in seeing, transparency and airmass.
We detrend our light curves using the SYSREM algorithm (Tamuz et al., 2005). We place
the magnitude of each star (OWg) on to the standard (Vega) system by cross-calibrating
the reference image for each field with the APASS g-band all-sky catalogue (Henden et al.,
2012).
3. Paper I described a method to flag stars which have been falsely identified as variable stars.
The source of these false positives include proximity to the detector edge, bad pixels or
saturated stars, or have local high background. The origin of the latter effect can be due to
diffraction spikes from saturated stars. Since the VST has an altitude-azimuth mounting,
these spikes move over the 2 hrs time interval that the observations are made (see Figure
3.2 for an example). This can inject a spurious modulation into light curves. There is also
some movement of stars over the detector (we do not auto-guide the telescope), which can
cause stars to cross areas of bad or hot pixels.
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4. Photometric variability parameters are determined for all light curves using the VARTOOLS
package (Hartman et al., 2008). These parameters include the RMS; χ2ν ; the period corre-
sponding to the peak (PLS) in the Lomb Scargle (LS) Power spectrum and the associated
False Alarm Probability (FAP); and the period and associated FAP from the Analysis of
Variance (AoV) phase-binning period search algorithm. The FAP gives a measure of how
likely a peak in a periodogram is due to random noise in a light curve. For the LS analysis
we searched in frequency space between the Nyquist frequency and the frequency corre-
sponding to the duration of the light curve (these parameters varied by a small degree from
field-to-field). Variable objects are then selected on a field by field basis using the distribu-
tion of stars in the PLS , FAP plane. We outline how we identify variable stars in the next
section.
3.3 Identifying variable stars
How to best identify variable stars among a sample of stars has been explored by many authors
(see e.g. Graham et al., 2013). Specific variability tests are best suited to find particular types of
variable star. Perhaps the most straightforward method is to select them according to the RMS of
their light curve as a function of magnitude – variable objects will have a higher RMS compared
to non-variable objects with a similar magnitude. For stars which show periodic flux variations,
the LS periodogram is efficient in identifying them. Since we are aiming to find periodic variables
we primarily use the LS test.
Our primary method for identifying periodic variable stars relies on the distribution of stars in
the PLS , FAP plane. We note that large samples will have a correspondingly large number of false
positives purely from statistical reasons. For instance, there are 4.1×106 light curves which have
PLS < 20 min. If we were to apply a threshold of log10(FAP) < –2.5 (i.e. a probability of 0.316%
of being a false positive), we would expect 13110 false positives (out of 4.1×106 light curves).
Rather than using a fixed threshold of log10(FAP) to provide an initial selection of candidate
variables, we used the Median Absolute Deviation (MAD) to provide a means of identifying stars
which are ‘outliers’ in the PLS , FAP plane (c.f. Figure 3.3). The MAD statistic is defined for a
batch of parameters {x1, . . . , xm} as
MAD = median(|xi −median(xi)|) (3.1)
where xi, for our purposes, represents values of the FAP (each with a corresponding value of
PLS). The data are sorted according to PLS and put into 2 min period bins and the MAD of the
FAP in each bin determined. We use a multiplier, n, to select samples which are progressively
more distant from the local median FAP of points in each time bin. We do not have an a priori
knowledge of which value of n is the most appropriate to use. We therefore identify four samples
with n = 5, 10, 15, and 20 which obey log10(FAP ) < Median(log10FAP)–(MAD(log10FAP)×n).
This test is done on a field by field basis. For brevity we use the term “MADn sample” to indicate
which value of n was used.
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Figure 3.3: The distribution of variable candidates from Semester 88, 90-94 as function of
log10FAP and period for our four samples (stars which have been automatically flagged
as having spurious variability have been removed). The stars are grouped in bins of 5
minute × 0.25 log10FAP units. The darker the area, the greater the number of stars it
contains. The trends of stars are discussed in the text. Individual stars are shown in
the bottom right sample for MAD20. A small number of stars appear with relatively
high values of log FAP due to the fact that stars are identified over a 2 min period
bin which maybe poorly populated.
As can be seen in Figure 3.3, which shows the distribution of MAD5, MAD10, MAD15 and
MAD20 samples, larger values of n gives fewer stars – i.e. they are variables with the highest
probability. We show the number of stars in different period ranges as a function of different values
of n in Table 3.2. As can also be seen from Figure 3.3 the distribution of all but the MAD20
sample is highly non-uniform. There are several reasons for this. Firstly, there are intrinsically
more variables with long periods compared to short periods (for instance δ Sct variables which
have periods typically greater than half an hour are one of the most populous of all variable stars).
Secondly, if systematic trends have been imperfectly removed, longer period trends may remain
in the light curves. There are a significant number of stars with PLS < 20 min – these are the
stars we are most interested in.
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Table 3.2: The number of variable candidates selected using the Lomb Scargle periodogram in
each sample defined by four MAD ’n’ levels. The candidates have been grouped in
period ranges appropriate for different broad classes of variable star. We indicate the
number of stars which have been flagged as having a high background which is a likely
indicator that a bright star is nearby and may have caused the light curve to be affected
by rotating diffraction spikes (see Figure 3.2).
n 0–20 20–40 40–60 60–110 > 110 Total Stars with
(min) (min) (min) (min) (min) (stars) High Background
5 1673 1495 5210 20462 2553 31389 5129 (16.3%)
10 1643 1355 3318 7383 518 14213 2658 (18.7%)
15 348 473 983 1870 112 3782 613 (16.2%)
20 14 137 248 482 32 909 140 (15.4%)
Figure 3.4: We show the distribution of variable candidates in the Period vs OWg plane for
the four samples using the same procedure as in Figure 3.3 (stars which have been
automatically flagged as having spurious variability have been removed). The stars
are grouped in bins of 5 minute × 0.5 mag. The darker the area, the larger the number
of stars it contains. The trends of faint variable stars are explained in the text.
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Figure 3.5: We show the distribution of variable candidates in the OWg vs Amplitude plane for
the four samples using the same procedure as in Figure 3.3 (stars which have been
automatically flagged as having spurious variability have been removed). The stars
are grouped in bins of 5 minute × 0.5 mag. The darker the area, the larger the number
of stars it contains. The trends of faint variable stars are explained in the text.
Figure 3.4 shows the distribution of the four samples in the period, OWg plane. Compared
to the MAD5 sample, the MAD15 sample has fewer stars which are faint and have long periods.
We expect that this is due to many relatively faint objects in the MAD5 sample which have light
curves which contain residual systematic trends, or have been affected by diffraction spikes from
bright stars. In contrast, the MAD15 sample shows an enhancement of relatively bright stars
with periods in the range of 40–70 min: this is likely due to stellar pulsators. At the short-period
end of the distribution there is a concentration of faint stars which is where we expect UCBs to
be present.
Figure 3.5 shows the amplitude of the periodic modulation as a function of magnitude for
the four samples. We find that for fainter stars the amplitude of intrinsic variability needs to be
progressively higher to beat the noise and be selected. The MAD15 sample shows a concentration
of low amplitude and relatively bright stars which is likely due to δ Sct stars.
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Figure 3.6: The cumulative distribution of PLS for the samples defined by MAD=5, 10, 15 and
20. Using the full range of period a KS test indicates that they do not come from the
same parent population.
Figure 3.6 shows the cumulative distribution of these samples. Using the full period range,
a KS test suggests that these distributions do not come from the same parent population. If we
apply the same test using an upper limit of 40 min to the period distributions we find that the
MAD5 and MAD10 samples are consistent with coming from the same parent population. On the
other hand, if we apply an upper limit of 20 min, we find that all the distributions are consistent
with coming from the same parent population. We therefore use the MAD5 sample as derived
through the LS test as a starting point for identifying variable stars with periods < 20 min (since
UCBs in this period range are intrinsically rare) and the MAD10 sample for periods > 20 min.
In Section 3.10 we use the MAD15 sample to search for sources which are already known to the
existing body of literature.
One consequence of fixing the long period limit of the LS periodogram to the light curve
duration is that long-period variables can be missed (This can be eliminated if we set the limit to
20% greater than the duration of the light curve and, thus, this will be applied in the analysis of
future data). Instead the AoV test allows the identification of variables which have a period longer
than 2 hrs and also eclipsing variables using a phase binning approach (Schwarzenberg-Czerny
1989, Devor 2005). We have identified a set of variable candidates based on the AoV test and
applying the same ‘MAD’ process as outlined above. However, in the interests of space we do
not outline a full analysis of these AoV samples here, but later we highlight three blue variables
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which were identified through this test.
In the next section we show that an additional manual verification stage finds a significant
percentage of candidate short-period variables identified using the LS test that are likely false
positive variables. However, in Paper III, we show that follow-up photometry of stars which have
passed both verification stages confirm the period determined using OW data, thereby verifying
that our pipeline can be used to identify short-period variable stars, including a reliable estimate
of the period.
3.4 Searching for Ultracompact Binaries
AM CVn binaries together with other compact objects (e.g. single white dwarfs, cataclysmic
variables (CVs)) are located in a distinct region of the g − r, u − g colour-colour plane (see e.g.
Carter et al., 2013)1. Since the OW survey obtains observations in the g-band only, we obtain
colour information from the VPHAS+ survey (Drew et al., 2014) whose footprint covers the
southern Galactic plane in the same manner as the OW survey.
Given the rarity of AM CVn stars and other UCBs, the MAD5 sample (which gives the greatest
number of stars, but also the greatest number of false positives) has been used as the primary
sample to search for blue variable objects. Before the filtering or colour selection stages there are
31388 objects and after the automatic flagging procedure there are 26259 objects which remain,
with the vast majority being flagged as they are close to a bright star and hence their light curves
may have been affected by diffraction spikes. We have used the VPHAS+ second data release
(DR2) and made an initial colour selection of u − g < 0.0 (where we have included stars whose
colour meets this condition within the error on its colour index). After this colour cut we have a
provisional set of 39 blue short period variable candidates.
Given this is a small number of candidates, we were able to perform a manual verification
procedure which consisted of visually inspecting the light curves, power spectra and their location
on the detector. We find that of the 39 blue candidate variables, 22 (56%) had to be removed
from our list. Most of the stars have been removed because they appear ‘swept’ by diffraction
spikes over the course of the 2 hr series of observations which affects the brightness of the star
and the local background (see Figure 3.2). There were several cases where more than one star was
located on the same chip with a similar shape of light curve indicating a systematic trend was still
present in the data. This finding indicates that there are still a large number of false positives
in the sample selected automatically, which have not been flagged by the pipeline discussed in
Section 3.3. Work is on-going to improve the efficiency of the pipeline to flag spurious variables
in an automatic manner. We show the details of the variable blue stars which have passed the
manual verification stage in Table 3.3; their light curves in Figure 3.7, and their location in the
g − r, u − g and r − i, r −Hα planes in Figure 3.8. Finding charts are shown for these stars in
Figure 3.A.1.
1As the VPHAS+ photometry and the OW g mag are on the Vega system, but the SDSS photometry is on the
AB system, we transform SDSS colours of specific stars onto the Vega systems using the equations of Blanton &
Roweis (2007).
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Of the 17 stars which were identified using the LS test and shown in Table 3.3, four have
PLS < 40 min, making them prime UCB candidates.
• OW J074106.0–294811.0, which shows a period of 22.6 min in the OW light curve, has the
bluest g−r colours of the variables outlined in Table 3.3. We presented an optical spectrum
of this star obtained using SALT in Paper I which showed Hα as a very weak absorption
line, while Hβ and Hγ showed stronger absorption lines. Further observations of this star
have allowed us to identify this object as a UCB with an orbital period of 44 min. It appears
to be a very rare UCB in that it is composed of an sdO/sdB star plus an unseen companion
(Kupfer et al, in prep.).
• We do not currently have an optical spectrum for OW J181038.5–251608.6 (PLS = 28.9
min) although its colours (g − r = 1.11, u − g = –0.50) place it some distance from the
unreddened main sequence or white dwarf tracks (Figure 3.8). There is no known X-ray
source within 20 arcsec of its optical position.
• Follow-up spectra of OW J175358.8–310728.9 (PLS = 35.2 min) indicate that this very blue
star is a DQ (carbon rich) white dwarf (Macfarlane et al., 2016b, Paper IV).
• We show a spectrum of OW J075527.6–314825.2 (PLS = 38.6 min) in Paper III from which
we infer a spectral type of F6/F7. Its colours (g − r = 0.64, u − g = –0.18) are slightly
displaced from the main sequence (it has a bluer u − g colour) which may imply another
stellar component to the system.
As indicated in Section 3.3 we also identified samples of variables using the AoV phase binning
test. For the AoV sample which contained the stars whose light curve were the statistically most
variable, three stars were bluer than the main sequence and our manual verification processes
confirmed the period found from the AoV test. Although their periods lie in the range 85–120 min,
and are therefore not UCBs, they show that we can identify short-period eclipsing binaries and we
outline their details in Table 3.3 and Figure 3.8 with their finding charts shown in Figure 3.A.1.
In the following sections we discuss these variables together with some of the other blue variable
stars identified in Table 3.3. In addition we examine the observational characteristics of the δ Sct
type stars identified in our survey and some of the previously known variables which are in the
OW fields.
3.5 Hot single stars
OW J075719.9–292955.5 (PLS = 98.7 min), has very blue colours (g − r = 0.14, u − g = –0.93)
but also shows an r−Hα index which implies a deep Hα absorption line (Figure 3.8). Its period
suggests that it is unlikely to be a pulsating DA white dwarf but could be a sdO/sdB or GW Vir
pulsator. It could alternatively be the signature of the rotation period of a white dwarf (we show
follow-up spectra of this in Paper III). OW J075305.7–301208.1 (PLS = 102.2 min), has very blue
colours (g − r = 0.14, u − g = –0.93) which are close to the unreddened DA white dwarf track
shown in Figure 3.8. We show in Paper III its optical spectrum which is similar to that of an O
or a B-type star. Further spectra with higher signal-to-noise are planned to determine its nature.
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Table 3.3: The 20 blue stars which were identified as variable in the MAD5 sample and subsequently passed the manual verification stage. We
give the sky co-ordinates; the period corresponding to the most prominent peak in the LS power spectrum and its corresponding False
Alarm Probability (FAP); the OW g mag and amplitude of the variation; the colours derived from VPHAS+ data and the difference
between the g mag derived in the OW g data and the VPHAS+ data (OWg-Vg). The lower three stars were identified by means
of the AoV test and give the period and FAP of the most prominent period. Notes: (1) Paper I; (2) Kupfer et al. (in prep); (3)
Macfarlane et al (in prep, Paper IV); (4) Paper III.
Name RA Dec PLS LS OWg Amp u− g g − r r − i r −Hα OWg- Type
(J2000) (J2000) (min) FAP (mag) (mag) VPHASg
OW J074106.0–294811.0 07:41:06.0 –29:48:11.0 22.6 -3.94 20.03 0.224 –1.23 0.18 0.05 –0.03 UCB (1,2)
OW J181038.5–251608.6 18:10:38.5 –25:16:08.6 28.9 -4.88 19.62 0.423 –0.50 1.11 0.69 0.31 –0.27
OW J175358.8–310728.9 17:53:58.8 –31:07:28.9 35.2 -4.72 15.81 0.026 –1.33 -0.15 0.09 0.07 0.08 DQ White dwarf (3)
OW J075527.6–314825.2 07:55:27.6 –31:48:25.2 38.6 -3.17 15.84 0.007 –0.18 0.64 0.40 –0.10 δ Sct like (4)
OW J180920.9–221156.9 18:09:20.9 –22:11:56.9 44.7 -2.57 17.57 0.056 –0.82 0.42 0.36 0.26 0.68
OW J174903.9–243720.4 17:49:03.9 –24:37:20.4 55.6 -3.28 17.31 0.071 –1.31 0.81 0.64 0.87 –3.44 CV
OW J075336.9–274901.2 07:53:36.9 –27:49:01.2 59.4 -2.60 16.76 0.014 –0.89 0.12 0.05 0.15 0.04
OW J074211.9–292453.2 07:42:11.9 –29:24:53.2 61.1 -3.14 14.62 0.008 –0.38 0.27 0.21 0.22 0.16
OW J172701.5–313717.1 17:27:01.5 –31:37:17.1 63.2 -2.57 13.83 0.003 –0.03 0.69 0.22 0.03 δ Sct like
OW J073618.0–292628.4 07:36:18.0 –29:26:28.4 65.9 -2.58 14.85 0.006 0.00 0.68 0.35 0.32 –0.06 δ Sct like
OW J172331.2–315458.9 17:23:31.2 –31:54:58.9 75.3 -2.75 14.54 0.004 0.01 0.77 0.53 0.23 –0.09 δ Sct like
OW J080854.4–300909.0 08:08:54.4 –30:09:09.0 84.4 -2.66 14.63 0.018 0.00 0.50 0.29 0.21 –0.10 δ Sct like
OW J180156.2–272256.1 18:01:56.2 –27:22:56.1 92.4 -4.11 18.05 0.128 –0.18 1.17 0.67 0.79 –0.07 Accreting Binary?
OW J073649.2–295601.8 07:36:49.2 –29:56:01.8 95.8 -3.66 14.66 0.004 –0.01 0.54 0.40 0.24 0.00 δ Sct like
OW J075719.9–292955.5 07:57:19.9 –29:29:55.5 98.7 -3.46 20.27 0.440 –0.93 0.14 0.02 –0.23 –0.11 DA WD/SdB? (4)
OW J172505.0–320317.0 17:25:05.0 –32:03:17.0 99.9 -2.88 14.06 0.006 0.01 0.74 0.56 0.25 –0.07 δ Sct like
OW J075305.7–301208.1 07:53:05.7 –30:12:08.1 102.2 -3.28 17.06 0.030 –0.74 0.48 0.28 0.24 0.00 O type spectrum (4)
Name RA Dec PAoV AoV OWg Amp u− g g − r r − i r −Hα OWg- Type
(J2000) (J2000) (min) FAP (mag) (mag) Vg
OWJ 181013.7–213825.3 18:10:13.7 –21:38:25.3 85.4 10.59 19.10 0.175 –0.30 0.57 0.18 0.23 1.09 Eclipsing Binary
OWJ 080311.8–291144.6 08:03:11.8 –29:11:44.6 90.2 15.90 19.75 0.500 –1.77 0.27 0.03 0.90 –0.02 Eclipsing CV (3)
OWJ 181423.0–214514.7 18:14:23.0 –21:45:14.7 118.9 17.06 15.74 0.058 –1.08 0.30 0.25 0.13 –0.01
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Figure 3.7: Light curves of the 20 blue variable stars shown in Table 3.3 and whose colours are
shown in Figure 3.5. We show their name, OWg mag, g − r and u− g colour indices
above each light curve.
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Figure 3.7: cont. Light curves of the 20 blue variable stars shown in Table 3.3 and whose colours
are shown in Figure 3.5. We show their name, OWg mag, g − r and u − g colour
indices above each light curve.
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Figure 3.8: The g − r, u− g (upper panel) and r − i, r −Hα (lower panel) colours of the variable
stars shown in Table 3.3. The red line marks the unreddened main sequence (taken
from Drew et al., 2014), with the blue line the cooling track for DA white dwarfs with
log g = 8 and the green line the cooling track for DB white dwarfs with log g = 8
(both taken from Raddi et al., 2016). The size of the symbol increases as a function
of period of the variable. Red refers to CVs, accreting objects or eclipsing binaries;
blue represents UCB, DQ or DA-like white dwarf; orange δ Sct type stars are shown
as polygons and currently unknown objects are yellow stars. The pixelated grayscale
map shows the number of stars (whether variable or not) in the OW survey with
VPHAS+ colours.52
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Three of the stars shown in Table 3.3 and in Figure 3.8 have colours indicating Hα in emission.
Two of these have a period greater than 90 min suggesting that they are typical hydrogen accreting
binaries. A third (OW J174903.9–243720.4) has a period of 55.6 min which, if this could be verified
as the orbital period, would place it well below the CV orbital period minimum, potentially in
the group of helium rich CVs (see Breedt et al., 2014, and references therein). It also shows a
significant difference in brightness between the epoch of the OW observations and the VPHAS+
epoch (∆g = 3.4 mag) indicating it is an outbursting system. OW J180156.2–272256.1 has strong
Hα emission but only moderately blue colours (g− r = 1.17, u− g = –0.18). Without a spectrum
it is not possible to identify the nature of this system apart from it is likely an accreting binary.
The bluest of these three accreting objects (OW J080311–291145) has a high amplitude of
variability (0.5 mag). The light curve shown in Figure 3.6 is derived using the difference imaging
technique that we use in our pipeline. To investigate this source in more detail we obtained
differential aperture photometry using the OW data. The light curve of this source is shown in
the upper panel of Figure 3.9 and a clear short duration (< 10.7 min) eclipse is seen. (The cadence
of our observations prevent a more precise estimate of the eclipse duration). The reason that the
photometric points during eclipse were not recorded in the differential imaging light curve is due
to the fact that we place a 3σ lower limit for detecting stars in an image. (Since this may have
implications for identifying other eclipsing systems, we are re-assessing this part of the pipeline).
Paper III shows its optical spectrum which confirms this as a high inclination CV.
The OW data implies that the orbital period of OW J080311–291145 is greater than ∼60 min.
For comparison the magnetic eclipsing CV UZ For has an orbital period of 126.6 min and an
eclipse duration of ∼0.063 cycles (e.g. Bailey & Cropper, 1991). Taking the upper limit of 10.7
min as the duration of the eclipse in OW J080311–291145, this suggests by comparison with UZ
For, an orbital period of ∼170 min. If the eclipse duration was as short as 9 min, this would
imply an orbital period of ∼140 min. Although there is a great deal of uncertainty on the orbital
period of this new CV, it is potentially interesting in that it may reside in the 2–3 hr CV orbital
period gap (see Zorotovic et al., 2016) for a recent discussion of the period gap). Photometric
observations are strongly encouraged to determine the orbital period of this eclipsing CV.
3.7 A possible non-interacting, short-period, eclipsing system
In the previous section we showed that OW J080311–291145 has been identified as a CV through
its VPHAS+ colours and the eclipse in its OW light curve. We identified OW J181013.7–213828.3
as a variable through the AoV test and find that it shows two eclipse-like features with one possible
secondary eclipse (Figure 3.7). If this result can be confirmed, then it would be a binary with an
orbital period of âĹĳ85 min. The VPHAS+ colours do not indicate Hα in emission and this is
confirmed from our spectra shown in Paper III. Although the mean magnitude of OW J181013.7
during the OW observations differs by ∼1.1 mag compared to the VPHAS+ g band mag- nitude,
this is greater than the depth of the eclipse like feature seen in the OW photometry. Further
observations are required to confirm the eclipse-like features and search for changes in its mean
long term brightness which would be an indicator of sporadic mass transfer.
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Figure 3.9: CVs identified in the OW survey. Upper panel: The eclipsing CV OW J080311–
291145 which was discovered from its OW light curve and follow-up spectroscopy
(Paper III); Middle panel: OW J173947.0-271809.1 which was identified as a possible
Intermediate Polar in the Chandra Bulge X-ray survey (Britt et al., 2013); Lower
panel: OW J180156.3–272256.2 which was identified as a fading nova and an orbital
period of 2.8 hrs (Woudt et al., 2005).
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3.8 δ Sct-type Pulsators
Seven stars shown in Table 3.3 and Figure 3.8 have colours consistent with that of stars whose
intrinsic colours are close to that of main sequence stars of A/F spectral type, or stars with low
reddening, or with intrinsically blue stars which have been heavily reddended. They all show
very low amplitude modulation (< 0.02 mag). The two stars for which we currently have optical
spectra a spectral type F6-F8 is implied (Paper III). The most likely scenario is that these are δ
Sct type stellar pulsators.
Indeed, surveys with a similar strategy to OW have been successful in identifying short-period
stellar pulsators (e.g. Ramsay et al., 2006, 2014). Many of these are δ Sct type stars with late-A to
mid-F spectral type and dominant periods in the range ∼26 min to ∼6 hrs (see e.g. Breger 2000
and Chang et al. 2013). Other types of pulsators with similar spectral type include γ Dor, roAp
and SX Phe stars and only medium resolution spectra with high signal-to-noise can distinguish
the specific class of variable star.
To identify a larger sample of candidate δ Sct type pulsators from the OW survey we took
the MAD10 sample as an initial starting point and searched for stars with a period less than 1
hr, approximately half the duration of the OW light curve. Given that the fields are close to
the Galactic plane, we expect many stars will have colours which are significantly reddended (in
contrast to the seven stars which are likely δ Sct type stars shown in Table 3.3). In selecting a
sample of δ Sct candidates, we assume they have intrinsic colours in the range A0 and F5. We
therefore select all stars which have a u− g colour redder than the main sequence and u− g, g− r
colours which are consistent with intrinsic colours of A0–F5 stars. This is best seen in Figure 3.10
which shows our sample of δ Sct type stars in the g − r, u− g plane.
There are 5263 variables in the MAD10 sample which have a period of PLS < 60 min and
passed our initial flagging stages. Of these 455 have VPHAS+ colours which are consistent with
a star with intrinsic colours of an A0 to F5 star. The significantly smaller number of candidates
with both colour indices within the expected range is consistent with the relatively low values of
the percentages of stars with colour information (for instance only 23% of the 5263 stars currently
have a u−g index) due to the incompleteness of the VPHAS+ dataset which is still being obtained.
After a manual verification phase we removed 78 stars out of 455 stars (18%) because their light
curves were affected by very close stars or are in the diffraction spikes of a nearby bright star.
We show the period and OWg mag of the remaining stars in Figure 3.11 where the symbol size
reflects the amplitude of variability. Of the 377 stars, 39.8% stars have an amplitude less than
0.01 mag, 1.1% have an amplitude greater than 0.05 mag, the highest amplitude being 0.11 mag.
The star with the shortest period has a period of 9.3 m. We discuss the characteristics of this
sample in Section 3.11.3.
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Figure 3.10: The g − r, u − g colours of the δ Sct type variables where the size of the symbol
increases as a function of period. The arrow represents the direction and magnitude
of the reddening vector for AV = 1.0 and the histogram represents the unreddened
main sequence (Drew et al., 2014).
Figure 3.11: The δ Sct type pulsators which have been selected due to their colour and variability
as a function of period and g mag. The size of the symbol reflects the amplitude of
the variability (< 0.01 mag for the smallest symbols, with > 0.05 mag for the largest
symbols).
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Figure 3.12: Two examples of short-period pulsating candidates which currently have no colour
information, left panel OW J181831.7-243454.8 (20.4 min) and right panel OW
J181100.2–273013.3 (23.1 min).
3.9 Stars with no VPHAS+ colour information
Since the VPHAS+ survey is on-going, many of our variable stars do not currently have colour
information. For instance, for the variables in the MAD15 sample only 24.0% currently have u−g
and g−r colours. A set of light curves of short-period stars which have no colour information were
selected from the MAD15 sample in order to detect potentially new interesting stars which are
statistically very likely to be intrinsically variable. The MAD15 sample contains 3168 stars after
automatic flagging (Table 3.2). Out of these, 2089 stars have no VPHAS+ g-band information
and of these 227 have PLS < 20 minutes and 260 have 20 < PLS < 40 minutes.
We show two examples of short-period variables in Figure 3.12. OW J181831.7–243454.8 (OWg
= 14.90) has a period of 20.4 min and an amplitude of 0.029 mag whilst OW J181100.2–273013.3
(OWg = 18.40) has a period of 23.1 min and an amplitude of 0.46 mag. The brighter of these two
stars has an amplitude consistent with δ Sct type pulsators at the brighter end of the distribution
shown in Figure 3.11. The stars have a very similar period but the fainter of the two has a much
higher amplitude of modulation. Indeed, it is much greater than the δ Sct type pulsators shown
in Figure 3.10 making it an interesting object for further investigation.
Over the course of the VPHAS+ project (Drew et al., 2014) further sky coverage will be
obtained and OW fields which do not currently have colour information will be matched with these
additional new VPHAS+ fields. In the mean time by comparing the period, g mag brightness
and amplitude of variables with no colour information to those which do have colour information,
we will be able to optimally target follow-up photometry and spectroscopy for targets which have
unusual characteristics.
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3.10 Previously known objects in OW fields
To determine which OW variable objects have information in the literature we took our MAD5
sample after automatic filtering and searched for objects in the SIMBAD database using a 2 arcsec
radius (although the mean uncertainty in our positions is typically 0.1 arcsec, applying a larger
search radius allows for a small amount of proper motion and uncertainty in the position recorded
in the SIMBAD database). We found a total of 179 stars out of the 26260 in the SIMBAD data base.
The greatest proportion of stars are RR Lyr stars (76/179). Given that the photometric period of
these stars is much longer (typically 0.2–1d) the OW light curves are likely catching only a small
fraction of the pulsation period. We also find two CVs, two symbiotic binaries and two planetary
nebulae which we now discuss in more detail.
3.10.1 Cataclysmic Variables
There are two known CVs in our MAD5 sample. OW J173947.0–271809.1 was identified as an X-
ray source (CX28) in the Chandra Bulge X-ray survey (Jonker et al., 2011). Its X-ray properties,
coupled with its optical spectrum (Britt et al., 2013), hints at an Intermediate Polar nature (CVs
whose accretion disk is truncated and have a white dwarf magnetic field strength B∼10 5−7 G).
The optical photometry shown in Britt et al. (2013) indicates that CX28 is optically variable,
with a mean brightness of g ∼16.7, a high amplitude of variations (∼0.7 mag) and some (but not
conclusive) evidence of a 2.76 hr period. We show the OW photometry of CX28 in Figure 3.9
where there is some suggestion of a period of ∼1 hr. The star is also significantly fainter at the
time of the OW observations (OWg ∼19.0).
OW J180156.3–272256.2 (V5627 Sgr) was identified as a suspected nova using data taken by
the MACHO project since it declined from V ∼15.1 to 16.9 over ∼1600 days (see Mróz et al.,
2015, and references therein). Woudt et al. (2005) obtained high speed photometry when the star
had a mean V ∼16.92. Although it showed considerably variability, they found a stable period of
2.8 hrs which they took to be the orbital period. We show the OW light curve in Figure 3.9 where
there is a trend in the data but no evidence of a repeated feature (the duration of the light curve
was less than 2.8 hr). The mean brightness was OWg = 18.1 suggesting the star has continued
to decline from its outburst.
3.10.2 Central stars of Planetary Nebulae
Searches for variability in the flux of the central stars of Planetary Nebulae (CSPN) have been
on-going for decades (e.g. Bond, 1979; Miszalski et al., 2009). It is of interest because the observed
distribution of orbital periods can be compared to theoretical models of the formation of PN which
predict their period distribution, in particular bipolar/asymmetric PN which are predicted to be
formed (perhaps largely) due to binary interactions (e.g. Bond, 2000).
Our MAD5 sample includes two stars classified as (possible) Planetary Nebulae. OW J1722353–
3214036 (= Th 3–8) shows a modulation on a period of 22.6 min. However, this period could not
be verified using differential aperture photometry, perhaps because there is a star in the wings of
its PSF. PN Th 2–8 (OWg = 15.7) is classed in SIMBAD as a planetary nebula but
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Figure 3.13: The OW light curve of the Symbiotic Binary Hen 2–357 which shows evidence of a
periodic modulation on a period of 31.4 min. This may imply that it has a signifi-
cant magnetic field which would make it only the second known magnetic Symbiotic
Binary.
Acker et al. (1987) finds no emission lines in its optical spectrum casting considerable doubt on
this claim (a finding confirmed by our spectrum which is shown in Paper III).
The other PN-like star is OW J1747339–2147231 (= H 2–22) which shows a partial sinusoidal
modulation (OWg = 19.2, amplitude ∼0.2 mag) over its 2 hr light curve. The CSPN with the
shortest period appears to be 3.4 hrs (Miszalski et al., 2009). If the optical modulation of PN
H 2–22 can be confirmed this may place it at the short-period end of the CSPN distribution.
Further optical photometry of this object is clearly desirable.
3.10.3 Symbiotic Binaries
Symbiotic stars are interacting binary systems containing a red giant star and a hotter component,
which is typically a white dwarf (see Mikołajewska, 2007, for a review). Recently evidence has
accumulated to suggest that symbiotic stars could be progenitors of a fraction of supernovae Ia
explosions (e.g. Dilday et al., 2012). Two of our variable candidates are classed as symbiotic
binaries in the SIMBAD database. The symbiotic binary SS73 122 (OW J1804412–2709124) shows
a periodic modulation on a period of 22.8 min and an amplitude of 0.006 mag (OWg = 15.1). We
obtained differential aperture photometry of this star but were not able to verify the 22.8 min
modulation, perhaps because there is a g = 18.6 mag star ∼6 arcsec distant. Further photometry
of this star is required.
The second star, Hen 2–357 (OW J1810439–2757500), shows a modulation on a period of 31.4
min and an amplitude of 0.008 mag (OWg = 14.7). This period is confirmed using differential
aperture photometry and we show its light curve in Figure 3.13. This would make it only the
second known symbiotic binary to show a periodic modulation on a period less than one hour.
The most obvious origin of the modulation is a hot accretion region on the white dwarf coming
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into and out of view as the white dwarf rotates on a period of 31 min (a time-scale similar to
the rotation period of the white dwarfs in CVs). An alternative scenario is that the 31 min is
a quasi-periodic oscillation due to flickering originating from the accretion disk. A much longer
series of photometry is required to determine how stable the period is. The optical spectra of
both these stars is presented in Paper III and are consistent with spectra of known symbiotic
binaries although there is some evidence for extended emission.
The first symbiotic to be identified as magnetic was Z And (Sokoloski & Bildsten, 1999) which
has an optical light curve which shows a modulation on a period of 28 min. Since then only one
other symbiotic system has shown periodic modulation (BF Cyg 1.8hrs, Formiggini & Leibowitz,
2009). It is not clear if the lack of symbiotic binaries showing evidence for a magnetic field is due
to the coherent signal of the rotating white dwarf being greatly diluted by the light from the mass
donating giant star, or that it is an indication of their formation (c.f. Yungelson et al., 1995).
3.11 Discussion
We have identified samples of variable stars, some of which contain blue compact stars, and others
are likely δ Sct type pulsating stars. To determine the nature of specific variable stars, we require
follow-up photometry and spectroscopy of individual objects, as we have done in Paper III.
3.11.1 The distribution of variable stars
In Figure 3.14 we show the distribution of different classes of variables in the Period v’s OWg;
OWg v’s Amplitude; and the Period v’s Amplitude planes. We find that the blue variables shown
in Table 3.3 which are not δ Sct types tend to be fainter than OWg∼16 mag and have PLS >
20 min. The δ Sct types typically have PLS > 30 min and are brighter than OWg∼17. On the
other hand, the stars which are either CVs or eclipsing show amplitudes which are greater than
the mean. More compact blue stars show amplitudes which are more typical of other variables
making the OWg v’s Amplitude plane less suitable for identifying them. Many of the stars which
show short periods and do not have VPHAS+ colour information show a wide range of amplitude.
However, the fact that the short-period blue objects also show high amplitudes indicates that this
is a population well worth exploring for new interesting objects.
3.11.2 The number of compact stars
In its first four years, OW has covered 134 square degrees of sky close to the Galactic plane.
Only 45.4 square degrees currently has u- and g-band information and only 18.4% of the MAD5
sample of variables have u− g and g − r colour indices. The number of stars in the g − r, u− g
colour-colour plane is illustrated in Figure 3.8 together with the cooling track for DA and DB
white dwarfs with log g = 8. Around 900 stars in the OW survey are currently located close to
these cooling tracks or along the reddening vectors implying 20 stars per square degree. This is
approximately twice the number found in the first 211 square degrees of the UVEX survey where
2170 ‘UV excess’ stars were identified (Verbeek et al., 2012).
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Figure 3.14: The distribution of different classes of variables in the PLS , OWg plane (upper panel);
and the OWg, Amplitude plane (lower panel). Variables shown in Table 3.3 and
Figure 3.5 are indicated by the following symbols: blue stars refer to systems with
a white dwarf; red stars indicate CVs, accreting objects or eclipsing binaries; yellow
stars are variables with currently unknown type, and orange polygons refer to δ Sct
stars. Filled orange circles refer to δ Sct stars outlined in §3.8 and turquoise circles
refer to stars which currently have no VPHAS+ information (Section 3.9). In the
upper panel the size of the symbol increases as a function of amplitude; in the lower
panel they increase as a function of period. 61
Chapter 3 : The OmegaWhite Survey II: Results From the First Four Years
0 20 40 60 80 100 120
Period (mins)
−3.0
−2.5
−2.0
−1.5
−1.0
−0.5
0.0
0.5
lo
g
10
(A
m
p
lit
u
d
e
) 
(m
a
g
)
compact
CV
blue δ Sct
unknown
short puls
δ Sct
Figure 3.14: cont. The distribution of different classes of variables in the PLS , Amplitude plane.
Variables shown in Table 3.3 and Figure 3.5 are indicated by the following symbols:
blue stars refer to systems with a white dwarf; red stars indicate CVs, accreting
objects or eclipsing binaries; yellow stars are variables with currently unknown type,
and orange polygons refer to δ Sct stars. Filled orange circles refer to δ Sct stars
outlined in §3.8 and turquoise circles refer to stars which currently have no VPHAS+
information (Section 3.9). The size of the symbol increases as the star gets fainter.
A detailed search for DA white dwarfs found between 153 and 211 objects in 211 square degrees
of the UVEX survey depending on how the samples were identified (Verbeek et al., 2013). The
fact that DA white dwarfs make up a relatively small percentage of stars in the same part of the
colour-colour plane is not a surprise but does indicate that spectroscopic follow-up is essential in
determining the nature of any blue variable star. Our search for variable stars identified around
ten stars which are close to the DA and DB cooling track, giving 0.2 variables per square degree.
Differences between the numbers of compact blue objects derived from the UVEX and OW
surveys could be due to the fact that the initial release of UVEX data avoided the Galactic Bulge
regions, where as around half of the OW fields have been directed towards the Bulge. These issues
will be explored in future work.
3.11.3 The period distribution of δ Sct stars
Chang et al. (2013) provide an overview of the observational properties of the then known δ Sct
stars – their catalogue includes chemically peculiar δ Sct stars such as λ Boo stars and roAp stars.
The surveys which form the basis of this study have different depth and cadence to ours which
will result in built-in biases. One example of this is the bimodal distribution of the V mag of
their sample which is due to the brighter objects being derived from the Hipparchos survey and
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Range Chang Chang OW
(mag) all (14.5 < V < 20.5)
<∼0.01 9.9% 3.1 % 39.8%
<∼0.05 34.8% 21.9% 98.9%
<∼0.10 47.4% 37.4% 99.7%
Table 3.4: We compare the percentage of δ Sct stars with an amplitude less than three limits in
three samples. We take all of the sample of Chang et al. (2013); the sample of Chang
et al. (2013) in the 14.5 < V < 20.5 range, and the OW sample which has been based
on colour and period.
fainter objects from the MACHO or OGLE surveys.
OW has its own biases – for instance we have not attempted to include δ Sct stars with a
pulsation period greater than ∼1 hr. In addition we have optical spectra of only 43 out of the
377 variables which we have identified as candidate δ Sct stars. In Paper III we determine the
spectral type of these stars and find they have F spectral types which are consistent with that of
δ Sct stars.
We highlight two questions here. What is the shortest period and what is the amplitude
distribution of the δ Sct stars in our sample? The shortest period δ Sct stars in the Chang et al.
(2013) catalogue have a period of 25.9 min, although we note that the pre-main sequence δ Sct
star HD 34282 (Amado et al., 2004) has a period of 18.1 min. The shortest period δ Sct-like star
we detect (OW J075633.0–293226.6) has a period of 9.3 min which is shorter than those noted
in Chang et al. (2013). Follow-up photometry and spectroscopy of this star is required to better
characterise its properties.
Chang et al. (2013) adopt the same criteria for defining low amplitude δ Sct stars as Solano &
Fernley (1997), namely δV = 0.1 mag with high amplitude δ Sct stars (HADS) having δV > 0.3
mag. We show the percentage of stars in the Chang et al. (2013) catalogue which have an
amplitude less than 0.01 mag, 0.05 mag and 0.10 mag in Table 3.4. We do this for the whole
sample of Chang et al. (2013) and also for the (much smaller) sample of stars in the range 14.5
< V < 20.5 which is more comparable to OW. Whilst the Chang et al. (2013) sample shows
many δ Sct stars with amplitudes greater than 0.1 mag, we find one star with an amplitude >
0.1 mag. It is possible that we are identifying very low amplitude variables of the sort observed
using Kepler (e.g. Uytterhoeven et al., 2011). Bowman et al. (2016) find only two δ Sct stars out
of 983 which were found to be HADS. (In Paper III we show that follow-up observations of our δ
Sct sample indicate that very similar periods and amplitudes are observed at a second epoch of
observation).
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3.12 Conclusions
We have been able to identify a sample of blue stars which show variability in their light curve on
a time-scale as short as ∼20 min. Using an automated flagging procedure and subsequent manual
inspection, we find that many of these stars are variable because diffraction spikes appear to rotate
over the detector (and across the PSF of nearby stars) over the course of the 2 hr observation
as the telescope has an alt-az mount. Although the fraction of contaminants is high, follow-up
observations reported in Paper III show that our manual inspection is sufficiently robust that the
sample of variable stars which pass this step are intrinsically variable on the time-scale identified
in our pipeline. The underlying false positive rate is therefore very low. Our goal is to obtain
high-cadence light curves with a duration of 2 hrs over 400 square degrees close to the Galactic
plane. Once this is complete we will determine the space density of objects such as ultracompact
binaries.
3.A Subappendix
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Figure 3.A.1: Finding Charts for the variable stars outlined in Table 3.3. The field-of-view in
each chart is 1′ × 1′ across.
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Figure 3.A.1: cont. We note that although OW J0757199–2929555 appears close to a diffraction
spike, manual verification confirms the period of 98.7 min and amplitude of 0.44
mag.
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Table 3.A.1: The observation log of field pointings made over ESO Semester 90–94, where we
show the sky co-ordinates in equatorial and Galactic co-ordinates; the calendar date
of the start of the observations and the range in the seeing in arcsec.
Field RA DEC l b Date Seeing (′′)
(J2000) (J2000) (dd-mm-yy) Mean, σ
Semester P90
29a 07:48:15.9 –29:39:20.1 245.48 –2.05 07–12–2012 0.79 0.43
29b 07:52:52.1 –29:39:15.9 245.98 –1.19 07–12–2012 0.79 0.43
31a 07:29:34.1 –29:41:07.4 243.52 –5.61 04–03–2013 0.79 0.43
31b 07:34:10.3 –29:41:02.6 243.99 –4.73 04–03–2013 0.80 0.44
Semester P91
6a 17:02:19.1 –27:59:57.3 355.42 8.40 01–08–2013 1.19 0.55
6b 17:06:50.8 –28:00:02.7 356.02 7.60 01–08–2013 1.17 0.54
12a 07:06:21.4 –30:00:02.6 241.51 –10.25 06–04–2013 0.85 0.45
12b 07:10:58.5 –29:59:57.4 241.95 –9.34 06–04–2013 0.90 0.47
13a 17:15:43.4 –29:59:57.2 355.54 4.85 16–05–2013 1.26 0.54
13b 17:20:20.5 –30:00:02.8 356.11 4.04 16–05–2013 1.29 0.54
15a 17:46:37.6 –23:59:57.3 4.34 2.37 01–06–2013 1.17 0.52
15b 17:51:00.3 –24:00:02.7 4.85 1.52 01–06–2013 1.17 0.52
17a 17:37:51.6 –24:59:57.3 2.43 3.54 30–06–2013 1.10 0.52
17b 17:42:16.3 –25:00:02.7 2.96 2.70 30–06–2013 1.10 0.52
18a 17:46:47.6 –24:59:57.3 3.50 1.82 15–07–2013 1.01 0.48
18b 17:51:12.3 –25:00:02.7 4.01 0.97 15–07–2013 0.98 0.47
20a 18:07:57.6 –24:59:57.3 5.90 –2.33 01–08–2013 1.45 0.62
20b 18:12:22.3 –25:00:02.7 6.38 –3.20 01–08–2013 1.42 0.61
21a 18:16:54.6 –24:59:57.3 6.87 –4.11 01–07–2013 1.54 0.71
21b 18:21:19.3 –25:00:02.7 7.34 –4.99 01–07–2013 1.50 0.70
23a 17:37:56.5 –25:59:57.3 1.60 3.00 08–08–2013 1.07 0.50
23b 17:42:23.4 –26:00:02.7 2.13 2.15 08–08–2013 1.07 0.50
24a 17:49:26.5 –25:59:57.3 2.95 0.79 11–08–2013 1.02 0.49
24b 17:53:53.4 –26:00:02.7 3.46 –0.07 11–08–2013 1.00 0.48
29a 17:40:03.3 –26:59:57.2 1.00 2.06 10–07–2013 1.24 0.53
29b 17:44:32.6 –27:00:02.8 1.53 1.21 10–07–2013 1.26 0.53
31a 17:58:05.3 –26:59:57.2 3.07 –1.38 31–07–2013 0.96 0.47
31b 18:02:34.6 –27:00:02.8 3.57 –2.25 31–07–2013 0.91 0.46
32a 18:07:16.3 –26:59:57.2 4.08 –3.16 06–08–2013 1.15 0.55
32b 18:11:45.6 –27:00:02.8 4.56 –4.04 06–08–2013 1.15 0.55
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Table 3.A.1: Continued ....
Field RA DEC l b Date seeing (′′)
(J2000) (J2000) (dd-mm-yy) Mean, σ
Semester P92
32a 07:06:39.0 –27:40:57.3 239.42 –9.18 26–12–2013 1.14 0.53
32b 07:11:10.0 –27:40:52.2 239.86 –8.28 26–12–2013 1.08 0.52
36a 08:24:25.4 –27:40:56.9 248.08 5.69 24–01–2014 1.32 0.55
36b 08:28:56.3 –27:40:52.6 248.65 6.51 24–01–2014 1.33 0.55
37a 08:33:37.2 –27:40:56.8 249.26 7.36 24–01–2014 0.72 0.40
37b 08:38:08.2 –27:40:52.7 249.86 8.16 24–01–2014 0.73 0.40
46a 08:25:23.3 –29:41:07.2 249.85 4.72 02–03–2014 1.03 0.50
46b 08:29:59.5 –29:41:02.8 250.43 5.54 02–03–2014 1.04 0.50
Semester P93
94a 18:11:24.0 -27:59:57.1 272.85 -28.00 10–04–2014 1.08 0.49
94b 18:15:55.8 -28:00:02.9 273.98 -28.00 10–04–2014 1.09 0.50
47a 17:11:34.4 -31:59:57.0 257.89 -32.00 24–06–2014 0.81 0.44
47b 17:16:17.4 -32:00:03.0 259.07 -32.00 24–06–2014 0.84 0.44
53a 17:11:28.0 -27:59:57.1 257.86 -28.00 25–08–2014 1.17 0.56
53b 17:15:59.8 -28:00:02.9 258.99 -28.00 25–08–2014 1.16 0.55
83a 17:46:55.5 -21:59:57.2 266.73 -22.00 20–06–2014 1.07 0.50
83b 17:51:14.3 -22:00:02.8 267.80 -22.00 20–06–2014 1.06 0.49
84a 17:55:52.5 -21:59:57.2 268.96 -22.00 23–06–2014 0.97 0.53
84b 18:00:11.3 -22:00:02.8 270.04 -22.00 23–06–2014 0.95 0.52
85a 18:04:30.5 -21:59:57.2 271.12 -22.00 24–06–2014 1.15 0.52
85b 18:08:49.3 -22:00:02.8 272.20 -22.00 24–06–2014 1.15 0.54
86a 18:13:07.5 -21:59:57.2 273.28 -22.00 01–08–2014 1.11 0.50
86b 18:17:26.3 -22:00:02.8 274.35 -22.00 01–08–2014 1.12 0.51
90a 17:53:32.6 -22:59:57.2 268.38 -23.00 30–07–2014 0.97 0.47
90b 17:57:53.2 -23:00:02.8 269.47 -23.00 30–07–2014 0.98 0.47
91a 18:06:01.6 -22:59:57.2 271.50 -23.00 30–07–2014 0.81 0.43
91b 18:10:22.2 -23:00:02.8 272.59 -23.00 30–07–2014 0.81 0.43
51a 17:19:17.3 -26:59:57.1 259.82 -27.00 01–07–2014 1.29 0.55
51b 17:23:46.6 -27:00:03.0 260.94 -27.00 01–07–2014 1.31 0.56
97a 17:16:50.0 -30:59:57.0 259.20 -31.00 27–05–2014 1.18 0.54
97b 17:21:29.9 -31:00:03.0 260.37 -31.00 27–05–2014 1.15 0.52
99a 17:35:27.0 -30:59:56.9 263.86 -31.00 23–06–2014 0.91 0.45
99b 17:40:06.9 -31:00:03.1 265.02 -31.00 23–06–2014 0.89 0.45
100a 17:44:49.0 -30:59:56.9 266.20 -31.00 27–07–2014 0.88 0.47
100b 17:49:28.9 -31:00:03.1 267.37 -31.00 27–07–2014 0.89 0.48
101a 17:54:17.0 -30:59:56.9 268.57 -31.00 29–07–2014 1.12 0.51
101b 17:58:56.9 -31:00:03.1 269.73 -31.00 29–07–2014 1.01 0.51
102a 18:03:40.0 -30:59:56.9 270.91 -31.00 31–07–2014 1.21 0.61
102b 18:08:19.9 -31:00:03.1 272.08 -31.00 31–07–2014 1.25 0.63
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Table 3.A.1: Continued ....
Field RA DEC l b Date seeing (′′)
(J2000) (J2000) (dd-mm-yy) Mean, σ
Semester P93 (Cont.)
48a 17:21:08.5 -31:59:56.9 260.28 -32.00 23–06–2014 1.26 0.56
48b 17:25:51.4 -32:00:03.1 261.46 -32.00 23–06–2014 1.24 0.58
103a 17:30:59.5 -31:59:56.9 262.74 -32.00 01–08–2014 0.98 0.49
103b 17:35:42.4 -32:00:03.1 263.92 -32.00 01–08–2014 0.99 0.49
Semester P94
34a 07:29:25.3 -27:40:57.4 112.35 -27.68 14–01–2015 0.95 0.47
34b 07:33:56.2 -27:40:52.1 113.48 -27.68 14–01–2015 0.93 0.46
39a 07:49:12.9 -31:40:46.6 117.30 -31.67 17–12–2014 0.89 0.47
39b 07:53:54.9 -31:40:41.4 118.47 -31.67 17–12–2014 0.87 0.44
113a 07:48:14.4 -30:40:46.6 117.06 -30.67 16–02–2015 0.79 0.43
113b 07:52:53.4 -30:40:41.4 118.22 -30.67 16–02–2015 0.77 0.41
24a 07:22:15.0 -25:40:49.6 110.56 -25.68 24–02–2015 0.83 0.44
24b 07:26:41.3 -25:40:44.3 111.67 -25.67 24–02–2015 0.84 0.44
40a 07:58:12.9 -31:40:46.5 119.55 -31.67 27–12–2014 0.87 0.46
40b 08:02:54.9 -31:40:41.5 120.72 -31.67 27–12–2014 0.88 0.46
107a 07:22:21.1 -24:30:23.6 110.58 -24.50 23–01–2015 1.17 0.54
107b 07:26:44.8 -24:30:18.4 111.68 -24.50 23–01–2015 1.19 0.56
108a 07:31:21.1 -24:30:23.6 112.83 -24.50 26–01–2015 1.14 0.53
108b 07:35:44.8 -24:30:18.4 113.93 -24.50 26–01–2015 1.16 0.52
38a 07:18:52.1 -23:30:46.6 109.71 -23.51 13–01–2015 0.78 0.43
38b 07:23:13.7 -23:30:41.4 110.80 -23.51 13–01–2015 0.78 0.43
42a 08:16:12.9 -31:40:46.5 124.05 -31.67 24–02–2015 0.87 0.46
42b 08:20:54.9 -31:40:41.6 125.22 -31.67 24–02–2015 0.87 0.46
115a 08:12:07.6 -30:40:46.5 123.03 -30.67 13–03–2015 0.96 0.48
115b 08:16:46.6 -30:40:41.6 124.19 -30.67 13–03–2015 0.95 0.47
116a 08:21:21.7 -30:40:46.3 125.34 -30.67 22–01–2015 1.09 0.54
116b 08:26:00.7 -30:40:41.7 126.50 -30.67 22–01–2015 1.06 0.52
25a 07:31:12.5 -25:40:49.5 112.80 -25.68 22–03–2015 1.05 0.50
25b 07:35:38.7 -25:40:44.1 113.91 -25.67 22–03–2015 1.04 0.50
33a 07:36:37.5 -23:30:46.5 114.15 -23.51 13–01–2015 0.86 0.45
33b 07:40:59.1 -23:30:41.5 115.24 -23.51 13–01–2015 0.87 0.45
36a 08:07:12.9 -31:40:46.5 121.80 -31.67 23–02–2015 0.90 0.45
36b 08:11:54.9 -31:40:41.5 122.97 -31.67 23–02–2015 0.92 0.46
112a 07:37:56.4 -30:40:46.6 114.48 -30.67 14–01–2015 0.89 0.45
112b 07:42:35.4 -30:40:41.4 115.64 -30.67 14–01–2015 0.88 0.45
117a 07:39:54.9 -31:40:46.7 114.97 -31.67 24–01–2015 0.99 0.47
117b 07:44:36.9 -31:40:41.3 116.15 -31.67 24–01–2015 1.00 0.47
109a 07:39:56.5 -24:30:46.5 114.98 -24.51 23–02–2015 0.92 0.46
109b 07:44:20.2 -24:30:41.5 116.08 -24.51 23–02–2015 0.94 0.47
114a 08:02:50.4 -30:40:46.5 120.71 -30.67 25–02–2015 0.99 0.49
114b 08:07:29.4 -30:40:41.5 121.87 -30.67 25–02–2015 1.00 0.50 69
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Abstract
We present photometric and spectroscopic follow-up observations of short-period vari-
ables discovered in the OmegaWhite survey: a wide-field high-cadence g-band syn-
optic survey targeting the Galactic Plane. We have used fast photometry on the
SAAO 1.0-m and 1.9-m telescopes to obtain light curves of 27 variables, and use these
results to validate the period and amplitude estimates from the OmegaWhite pro-
cessing pipeline. Furthermore, 57 sources were selected for spectroscopic follow-up
using either the SAAO 1.9-m telescope or the Southern African Large Telescope. We
find many of these variables have spectra which are consistent with being δ Scuti-
type pulsating stars. At higher amplitudes, we detect four possible pulsating white
dwarf/subdwarf sources and an eclipsing cataclysmic variable. Due to their rarity,
these targets are ideal candidates for detailed follow-up studies. From spectroscopy,
we confirm the symbiotic binary star nature of two variables identified as such in the
SIMBAD database. We also report what could possibly be the first detection of the
‘Bump Cepheid’ phenomena in a δ Scuti star, with OWJ175848.21–271653.7 showing
a pronounced 22% amplitude dip lasting 3 minutes during each pulsational cycle peak.
However, the precise nature of this target is still uncertain as it exhibits the spectral
features of a B-type star.
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4.1 Introduction
High cadence photometric observations of stars can reveal intriguing features in the resulting light
curves which would typically be missed in lower cadence data. Until a decade ago, wide field sur-
veys with high cadence were not common. Due to a rapid increase in technological capabilities, it
is only within the last few years that many short-period stellar systems have been discovered in
wide-field and high-cadence surveys such as the Kepler mission (Borucki et al., 2010), the OGLE-
IV Real-Time Transient Search (Wyrzykowski et al., 2014), the Rapid Temporal Survey (RATS,
Ramsay & Hakala, 2005; Barclay et al., 2011), and the OmegaWhite (OW) survey (OW; Mac-
farlane et al., 2015). This paper presents the results of photometric and spectroscopic follow-up
observations of variable candidates discovered in the OW survey. It allows further characterisation
of the selected targets and provides a means to confirm the validity of the light curve properties
determined during OW data processing. Furthermore, by correlating the spectroscopic identifi-
cation with the object’s location in colour-colour or period-amplitude-magnitude space, we can
improve target selection for future follow-up observations.
The aim of the OW survey is to identify short-period variable systems that exhibit modulations
with a period under an hour, such as pulsating subdwarf stars (sdB, sdOB or sdO, Heber, 2009,
and see Woudt et al. (2006) for the first sdO pulsator discovery), pulsating white dwarf stars (DAV,
DBV), δ Scuti stars (δ Sct, Breger, 2000), or the rare and faint hydrogen-deficient ultracompact
binary star systems (UCBs). These include eclipsing detached double-degenerate systems (Kilic
et al., 2011; Hermes et al., 2012; Kilic et al., 2014) and semi-detached mass-transferring AMCVn
systems (for a detailed review, see Solheim, 2010). These short-period sources are astrophysically
interesting for a number of reasons. Pulsating stars are important for stellar astroseismology
research and our understanding of stellar interiors. Additionally, we can use the frequency of
the fundamental radial mode exhibited by high-amplitude δ Sct stars (those with amplitudes
& 0.3 mag) for precise distance determinations (e.g. Petersen & Christensen-Dalsgaard, 1999;
McNamara et al., 2007). In addition to providing insight into late-stage binary evolution research,
the shortest-period UCBs are predicted to be the strongest known emitters in the passband of the
gravitational wave satellite observatory eLISA (Amaro-Seoane et al., 2013; Roelofs et al., 2007).
The primary goal of the OW survey is to increase and characterise the known population
of UCBs. Spectroscopic observations provide immediate classification of the nature of objects
through their chemical composition and spectral appearance. For example, AMCVn binaries
exhibit helium lines but no hydrogen, while pulsating sdB stars show deep hydrogen absorption
lines, and accreting binaries with main sequence secondaries will show hydrogen emission lines.
δ Sct stars typically exhibit Balmer absorption lines, with evidence of sodium and magnesium
with strengths characteristic of late A-type, or F-type stars.
The OW survey aims to cover an area of 400 square degrees through high-cadence optical
observations along the Galactic Plane reaching a depth of g ∼ 21.5 mag (10σ). Survey operations
began in December 2011 with ESO semester 88, and so far 230 sq. degr. have been observed
throughout ESO semesters 88 to 96 using OmegaCAM on the VLT Survey Telescope (VST,
Capaccioli & Schipani, 2011). The OW field pointings have been chosen such that they overlap
with the VST Photometric Hα Survey of the Southern Galactic Plane (VPHAS+, Drew et al.,
2014) and the Galactic Bulge Survey (GBS, Jonker et al., 2011) in order to obtain broad-band
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colours and photometric zeropoints. The results from the analysis of the initial 26 sq. degr. are
presented in the first OW paper (hereafter Paper I; Macfarlane et al., 2015), which also details
the processing pipeline the survey has adopted to optimally detect these short-period systems.
Furthermore, detailed population studies of sources from the first 134 sq. degr. are presented in
Toma et al. (2016, hereafter Paper II).
Photometric follow-up observations are important in determining the validity of the period
and amplitude determined during the OW processing pipeline. With this goal in mind, this paper
examines the photometric observations of 27 variable candidates selected using the OW pipeline.
Furthermore we present the spectroscopic identification of 57 OW targets and analyse their period,
amplitude and colour properties in order to optimise future follow-up target selection.
4.2 Photometric follow-up observations
Photometric observations of 27 targets were obtained using the Sutherland High-speed Optical
Cameras (SHOC, Coppejans et al., 2013) on the 1.0-m and 1.9-m South African Astronomical
Observatory (SAAO) telescopes, located at the Sutherland Observatory in South Africa. Their
light curve and colour properties are shown in Table 4.1. These targets were selected as they ap-
pear relatively blue according to their VPHAS+ colour information, and they exhibit short-period
variations in their OW light curves (with periods < 70 mins) with low false alarm probabilities
(log10(FAP) < –2.5, see Section 4.2.1).
The SHOC cameras are two identical high-time resolution cameras, each consisting of an
Andor iXon X3 888 UVB camera with a 1024 × 1024 pixel, back-illuminated CCD, capable of
accurate GPS-triggered optical timing observations with minimal dead-time. The cameras are
mounted at the Cassegrain focus of the 1.0-m and 1.9-m telescopes, at focal ratios of f/16 and
f/18 respectively. The field of view is 2.85 × 2.85 arcmin2 for the 1.0-m, and 1.29 × 1.29 arcmin2
for the 1.9-m telescope, respectively. White-light unfiltered observations were taken during four
separate observing runs in April 2014, September 2014, December 2014 – January 2015, and June
2015, as shown in the photometric observing log in Table 4.A.1. All targets were observed in
frame-transfer mode, with a 1 MHz readout speed (conventional mode) and with a pre-amplifier
gain of 2.4. Exposure times (as detailed in Table 4.A.1) were between 2 and 30 seconds.
The raw datacube images produced by SHOC were reduced and light curves extracted using
standard IRAF (Tody, 1986, 1993) routines. Firstly, the datacubes were partitioned into individ-
ual science frames, which were then bias-subtracted and flat-fielded. Next, the specific Julian date
and appropriate header information was assigned to each subsequent image. Using the technique
of differential photometry, aperture photometry was applied to the target and a number of bright
neighbouring stars in order to extract background-subtracted light curves for these sources. The
target light curve is then divided by the average light curve of the reference stars in order to
compensate for atmospheric effects during the observing runs.
The Fourier transform properties of the targets were determined by applying the same pro-
cedure detailed in Paper I, i.e. we applied the VARTOOLS suite of software (Hartman et al.,
2008) to our processed SHOC light curves, and were able to determine a range of photometric
variability parameters, including the Lomb Scargle period (PSHOC) and amplitude (ASHOC).
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Table 4.1: Properties of targets for photometric follow-up observations: star ID; RA and Dec; OW Lomb Scargle period (POW ) and false alarm
probability (log10(FAP)) of the highest peak in the periodogram, OW calibrated g-band magnitude(OWg), amplitude of OW light
curve (AOW ), VPHAS+ colour indices g − r, u− g, r − i, and r −Hα.
Star ID RA (J2000) DEC (J2000) POW log10(FAP) gOW AOW u− g g − r r − i r −Hα comments
(hh:mm:ss) (o:′:“) (min) (mag) (mag) (mag) (mag) (mag) (mag)
OWJ073919.72–300922.7 07:39:19.72 –30:09:22.7 17.4 –2.83 16.26 0.005 0.33 0.51 0.31 0.15
OWJ074106.40–293325.5a,b 07:41:06.40 –29:33:25.5 38.9 –4.89 15.75 0.009 0.28 0.51 0.26 0.12 δ Sct (F3V/F4V)
OWJ074447.99–262155.6b 07:44:47.99 –26:21:55.6 25.2 –3.82 16.30 0.018 δ Sct (F3V/F4V)
OWJ075114.46–270311.2b 07:51:14.46 –27:03:11.2 37.6 –3.72 15.69 0.011 0.46 0.20 δ Sct (F6V/F7V)
OWJ075121.36–270916.4b 07:51:21.36 –27:09:16.4 40.8 –4.98 14.63 0.021 δ Sct (F2V)
OWJ075359.78–275732.6a,b 07:53:59.78 –27:57:32.6 26.1 –5.28 13.98 0.020 0.37 0.33 0.20 0.09 δ Sct (F3V/F4V)
OWJ075532.58–280854.3a,b 07:55:32.58 –28:08:54.3 21.4 –4.17 16.70 0.018 0.50 0.52 0.34 0.13 δ Sct (F5V)
OWJ075837.37–292904.2b 07:58:37.37 –29:29:04.2 24.7 –4.24 16.30 0.011 δ Sct (F3V/F4V)
OWJ075952.17–292817.6b 07:59:52.17 –29:28:17.6 38.1 –4.37 15.05 0.012 0.20 0.48 0.28 0.28 δ Sct (F5V)
OWJ080205.41–295804.6b 08:02:05.41 –29:58:04.6 37.2 –4.13 16.76 0.016 0.57 0.81 0.46 0.29 δ Sct (F3V/F4V)
OWJ080257.23–292136.0b 08:02:57.23 –29:21:36.0 65.8 –3.62 14.71 0.014 0.02 0.76 δ Sct (F6V/F7V)
OWJ080418.75–293740.2b 08:04:18.75 –29:37:40.2 30.3 –3.37 14.17 0.005 0.14 0.42 0.26 0.10 δ Sct (F5V)
OWJ080729.17–293417.1 08:07:29.17 –29:34:17.1 61.5 –5.19 17.00 0.031 0.22 0.68 0.36 0.16
OWJ080916.72–292158.0a,b 08:09:16.72 –29:21:58.0 31.2 –5.78 15.30 0.027 0.33 0.45 0.27 0.19 δ Sct (F5V)
OWJ174308.60–255102.6 17:43:08.60 –25:51:02.6 43.3 –3.57 14.05 0.008 0.67 0.84 0.72 0.22
OWJ174436.19–253349.6 17:44:36.19 –25:33:49.6 49.1 –3.21 16.22 0.027
OWJ175122.15–260916.7 17:51:22.15 –26:09:16.7 24.5 –4.39 14.44 0.005 0.38 0.63 0.34
OWJ175210.09–262535.0 17:52:10.09 –26:25:35.0 34.5 –3.75 15.61 0.008 0.74 0.60 0.18
OWJ175210.34–262048.7 17:52:10.34 –26:20:48.7 26.7 –5.02 14.69 0.018 0.48 0.69 0.39 0.05
OWJ175509.75–260225.5 17:55:09.75 –26:02:25.5 22.7 –4.81 15.31 0.015 0.56 0.70 0.57 0.20
OWJ175720.15–270100.5 17:57:20.15 –27:01:00.5 23.1 –4.31 15.75 0.024 0.72 0.87 0.54 0.17
OWJ175848.21–271653.7b 17:58:48.21 –27:16:53.7 32.5 –3.49 15.75 0.254 0.40 0.27 0.12 δ Sct with dips
OWJ175902.86–270025.1 17:59:02.86 –27:00:25.1 33.8 –3.19 15.76 0.017 0.56 0.82 0.53 0.20
OWJ175954.94–264752.1 17:59:54.94 –26:47:52.1 28.3 –3.48 16.36 0.014 0.86 1.08 0.30
OWJ180259.04–271204.3 18:02:59.04 –27:12:04.3 23.7 –3.98 16.58 0.024 1.28 1.27 0.74 0.19
OWJ180735.09–250943.8 18:07:35.09 –25:09:43.8 22.1 –3.44 16.33 0.012 0.96 1.08 0.69 0.26
OWJ181847.29–251231.9 18:18:47.29 –25:12:31.9 7.8 –4.89 15.83 0.028
aObserved spectroscopically with the RSS on SALT. POW is equivalent to the PLS notation used in Paper I.
bAlso a spectroscopic follow-up target, see Table 4.3.
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4.2.1 Comparison between OW light curves and follow-up photometry
The individual follow-up light curves of the 27 stars in our photometric sample are presented in
Figure 4.A.1. Here we focus on the properties of the sample and compare them with the light
curves processed through the OW survey pipeline.
Firstly, we see that most of the targets are indeed variable in their SHOC light curves, as
should be the case since these were selected from OW as high-confidence candidates, having a
false-alarm probability log10(FAP) < −2.5. Most of the variations seen in the SHOC-observed
light curves in Figure 4.A.1 resemble the variations exhibited by their respective OW light curve,
also shown in Figure 4.A.1. In Figure 4.1 and Table 4.2 we present the derived SHOC periods
(PSHOC) and amplitudes (ASHOC) together with those derived from OW data (POW and AOW
resp.). Figure 4.1 shows that, for the majority of the targets, there is a strong correspondence
between the periods derived from SHOC data and the periods derived from OW data. The median
level of the deviation of the SHOC periods with respect to OW for all 27 targets is 8%, with an
RMS-scatter of 55% which can be greatly improved if we do not consider the four targets with
large deviations caused by factors such as poor observing conditions. For the amplitudes, the
median level of the deviation from the OW amplitudes is 15% with a RMS-scatter of 21%. These
relatively large amplitude deviations could be due to the fact that while OW observations were
taken in Sloan g band, all SHOC observations were observed in white light (with no filter). We
therefore have to remain cautious when comparing these amplitudes.
Although the majority of the targets exhibit variations in their SHOC light curves that are
similar to the variations seen in their respective OW light curve, a number of the SHOC light
curves show unexpected behaviour, which is reflected in the large error bars and deviations shown
in Figure 4.1 and Table 4.2. In particular, the SHOC and OW periods for four of the targets
are significantly different. These targets are OWJ073919.72–300922.7, OWJ080205.41–295804.6,
OWJ174308.60–255102.6, and OWJ080257.23–292136.0 (hereafter OWJ0739–3009, OWJ0802–
2958, OWJ1743–2551, and OWJ0802–2921). If we do not consider these four targets, the median
level of the deviation of the SHOC periods with respect to OW for the 23 targets becomes 5%,
with an RMS-scatter of 10%.
These differences can be due to:
• Poor photometry for a portion of the SHOC light curve. Poor atmospheric conditions during
observing (such as an increasing airmass or heavy clouds), can create multiple peaks in the
Discrete Fourier Transform (DFT), confusing the peak period. For example, multiple peaks
are shown in the DFT of OWJ0802–2921, and although the peak OW frequency can be
identified, it is not the dominant frequency (as shown in Figure 4.A.1, where we compare
the peak frequencies detected in the DFT of the OW light curves, to that of the SHOC light
curves.)
• Non-periodic variability behaviour in the OW light curve. In some of OW light curves, the
period and amplitude varies over the duration of the observation. Although this behaviour
can be seen in their respective SHOC light curves, this leads to greater uncertainties in the
period and amplitude ratios.
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Figure 4.1: Comparison of derived periods (PSHOC) and amplitudes (ASHOC) from the 27 light
curves of SHOC-observed follow-up targets, to the respective OW derived periods
(POW ) and amplitudes (AOW ). A dashed line in each of the panels indicate the ideal
case where either PSHOC = POW (upper panel), or ASHOC = AOW (lower panel).
Uncertainties in the values are indicated by horizontal and vertical bars. The target
OWJ073919.72–300922.7 is not shown in the upper panel as its period ratio is too
high ((PSHOC – POW )/POW ≈ 2.6)76
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Table 4.2: OW variable candidates selected from our SHOC photometric follow-up campaign, with
OW Lomb Scargle period (POW ) and associated amplitude (AOW ), and the Lomb
Scargle period for the respective SHOC-observed light curves (PSHOC) with associated
amplitude (ASHOC).
Star ID POW AOW PSHOC ASHOC
(min) (mag) (min) (mag)
OWJ181847.29–251231.9 7.8 ± 0.2 0.028 ± 0.001 7.8 ± 0.3 0.026 ± 0.002
OWJ073919.72–300922.7∗ 17.4 ± 1.0 0.005 ± 0.001 62.4 ± 8.6 0.005 ± 0.001
OWJ075532.58–280854.3 21.3 ± 1.5 0.018 ± 0.001 21.2 ± 2.8 0.014 ± 0.002
OWJ180735.09–250943.8 22.1 ± 2.0 0.012 ± 0.001 22.2 ± 1.2 0.010 ± 0.001
OWJ175509.75–260225.5 22.6 ± 2.0 0.015 ± 0.001 23.3 ± 1.4 0.017 ± 0.001
OWJ175720.15–270100.5 23.1 ± 2.1 0.024 ± 0.001 22.6 ± 1.7 0.015 ± 0.001
OWJ180259.04–271204.3 23.7 ± 2.7 0.024 ± 0.005 22.5 ± 2.7 0.024 ± 0.001
OWJ175122.15–260916.7 24.5 ± 2.2 0.005 ± 0.001 24.2 ± 2.2 0.005 ± 0.001
OWJ075837.37–292904.2 24.7 ± 2.0 0.011 ± 0.001 22.5 ± 1.4 0.009 ± 0.000
OWJ074447.99–262155.6 25.2 ± 2.3 0.018 ± 0.001 25.3 ± 2.5 0.024 ± 0.001
OWJ075359.78–275732.6 26.1 ± 2.1 0.020 ± 0.001 23.9 ± 1.1 0.020 ± 0.001
OWJ175210.34–262048.7 26.7 ± 2.8 0.018 ± 0.001 28.7 ± 2.2 0.014 ± 0.001
OWJ175954.94–264752.1 28.3 ± 3.5 0.014 ± 0.001 25.0 ± 1.8 0.017 ± 0.001
OWJ080418.75–293740.2 30.3 ± 3.9 0.005 ± 0.001 27.1 ± 2.3 0.005 ± 0.001
OWJ080916.72–292158.0 31.2 ± 2.3 0.027 ± 0.001 32.1 ± 2.5 0.026 ± 0.001
OWJ175848.21–271653.7 32.5 ± 4.2 0.254 ± 0.052 32.1 ± 6.0 0.227 ± 0.002
OWJ175902.86–270025.1 33.8 ± 5.7 0.017 ± 0.004 29.4 ± 3.6 0.013 ± 0.001
OWJ175210.09–262535.0 34.5 ± 5.2 0.008 ± 0.001 40.5 ± 8.2 0.007 ± 0.001
OWJ080205.41–295804.6∗ 37.2 ± 6.5 0.016 ± 0.003 10.8 ± 0.6 0.012 ± 0.004
OWJ075114.46–270311.2 37.6 ± 4.8 0.011 ± 0.001 38.8 ± 4.5 0.006 ± 0.001
OWJ075952.17–292817.6 38.1 ± 4.8 0.012 ± 0.001 50.4 ± 12.3 0.014 ± 0.001
OWJ074106.40–293325.5 38.9 ± 4.8 0.009 ± 0.001 44.0 ± 6.1 0.008 ± 0.001
OWJ075121.36–270916.4 40.8 ± 4.9 0.021 ± 0.001 40.6 ± 3.5 0.030 ± 0.001
OWJ174308.60–255102.6∗ 43.3 ± 3.0 0.008 ± 0.001 29.8 ± 1.9 0.006 ± 0.001
OWJ174436.19–253349.6 49.1 ± 4.2 0.027 ± 0.001 45.7 ± 6.2 0.024 ± 0.001
OWJ080729.17–293417.1 61.4 ± 9.7 0.031 ± 0.001 51.2 ± 13.5 0.028 ± 0.002
OWJ080257.23–292136.0∗ 65.8 ± 19.6 0.014 ± 0.001 13.0 ± 0.5 0.011 ± 0.002
∗ Large period differences explained in Section 4.2.1
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• Large gap in the OW light curve (due to VST technical issues or poor weather) decreasing
the OW period accuracy. In the case of OWJ1743–2551, the SHOC light curve appears
more complicated than its OW counterpart, as indicated by the multiple DFT peaks in
Figure 4.A.1.
• Marginal selection in the OW data. The probability that the OW period determined for
OWJ0739–3009 is due to noise is relatively high (log10(FAP) is low).
• Limited signal-to-noise ratios. Sources such as OWJ0802–2958 were observed using SHOC
during periods of very poor seeing on the relatively smaller SAAO 1.0-m telescope, greatly
increasing the observed noise. In the light curve of OWJ0802–2958, this created multiple
DFT peaks from the SHOC light curve, the strongest peak not in agreement with that of
OW.
• Long-timescale changes in the light curves. The characteristics of some sources is known to
vary over longer timescales. For instance, CVs are known to exhibit state changes, where
the amplitude and time scale of photometric variability may drastically change over time.
• Phasing phenomena. Pulsating sources are known for phenomena such as beating, which
could strongly affect the amplitude of variability.
• Relatively short OW observation duration. Pulsators such as δ Sct can show different be-
haviour in snapshot observations such as the 2 hr light curves derived using OW data (for
e.g. see Figure 7 in Ramsay et al., 2014).
4.3 Spectroscopic follow-up observations
Identification spectra have been obtained using either the Spectrograph Upgrade – Newly Im-
proved Cassegrain spectrograph (SpUpNIC, Crause et al.,in prep) on the SAAO 1.9-m telescope,
or the Robert Stobie Spectrograph (RSS, Kobulnicky et al., 2003) on the 10-m Southern African
Large Telescope (SALT Buckley et al., 2006) or on both instruments. See Table 4.3 for a list
of the light curve and colour properties for all spectroscopic follow-up targets. Furthermore, the
spectroscopic observing log is shown in Appendix Table 4.A.2.
Eleven targets have so far been observed using SALT between December 2014 and January
2016, with results for the first six targets presented in Paper I. All 11 sources were selected as
they either exhibited light curve and colour characteristics most consistent with those of known
UCBs, or they exhibited unusual features in their light curves. For example, three of the tar-
gets exhibited short-period variations (POW < 40 mins) and very blue colours consistent with
known AMCVn stars (OWJ074106.1–294811.2, OWJ075436.40–304655.0, and OWJ075527.61–
314825.3). Whereas, two of the other targets, namely OWJ080311.83–291144.6 and OWJ075719.94–
292955.5, exhibited relatively long periods (POW > 90 mins), but are some of the bluest OW
sources, as derived from VPHAS+ photometry (Drew et al., 2014).
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Table 4.3: Properties of targets for spectroscopic follow-up observations: star ID; RA and Dec; OW Lomb Scargle period (POW ) and false alarm
probability (log10(FAP)) of the highest peak in the periodogram, OW calibrated g-band magnitude(OWg), amplitude of OW light
curve (AOW ), VPHAS+ colour indices g − r, u− g, r − i, and r −Hα.
Star ID RA (J2000) DEC (J2000) POW log10(FAP) gOW AOW u− g g − r r − i r −Hα comments
(hh:mm:ss) (o:′:“) (min) (mag) (mag) (mag) (mag) (mag) (mag)
OWJ073649.27–295601.8 07:36:49.27 –29:56:01.8 95.8 –3.59 14.65 0.004 –0.01 0.55 0.40 0.24 δ Sct (F8V)
OWJ073823.16–303958.0 07:38:23.16 –30:39:58.0 9.0 –3.73 15.70 0.054 δ Sct (F5V)
OWJ073909.96–300620.0 07:39:09.96 –30:06:20.0 89.6 –5.92 13.64 0.011 0.33 0.56 0.30 0.26 δ Sct (F5V)
OWJ074059.42–242452.4 07:40:59.42 –24:24:52.4 40.0 –4.61 14.01 0.007 δ Sct (F5V)
OWJ074101.18–291540.0 07:41:01.18 –29:15:40.0 69.8 –5.49 16.65 0.017 δ Sct (F8V)
OWJ074106.07–294811.0a 07:41:06.11 –29:48:11.2 22.6 –3.87 20.02 0.224 –1.23 0.04 0.05 pulsating WD?
OWJ074106.40–293325.5a,c 07:41:06.40 –29:33:25.5 38.9 –4.89 15.75 0.009 0.28 0.51 0.26 0.12 δ Sct (F3V/F4V)
OWJ074127.67–243642.9 07:41:27.67 –24:36:42.9 37.4 –3.73 15.39 0.007 0.74 0.85 0.37 0.17 δ Sct (F8V)
OWJ074216.77–241327.5 07:42:16.77 –24:13:27.5 30.5 –5.17 15.99 0.015 δ Sct (F3V/F4V)
OWJ074447.99–262155.6c 07:44:47.99 –26:21:55.6 25.2 –3.82 16.30 0.018 δ Sct (F3V/F4V)
OWJ074513.22–261036.0a 07:45:13.22 –26:10:36.0 38.2 –3.73 14.73 0.010 0.65 1.09 0.26 0.06 δ Sct (F5V)
OWJ074515.73–260841.7 07:45:15.73 –26:08:41.7 74.4 –5.35 15.11 0.024 0.67 1.30 0.35 δ Sct (F6V/F7V)
OWJ074533.75–263212.5 07:45:33.75 –26:32:12.5 73.9 –5.11 15.16 0.028 0.64 1.21 0.31 0.08 δ Sct (F3V/F4V)
OWJ074551.57–242147.8 07:45:51.57 –24:21:47.8 38.7 –4.86 15.71 0.018 δ Sct (F8V)
OWJ075049.73–270018.3 07:50:49.73 –27:00:18.3 42.3 –2.70 16.03 0.009 0.32 0.12 δ Sct (F2V)
OWJ075114.46–270311.2c 07:51:14.46 –27:03:11.2 37.6 –3.72 15.69 0.011 0.46 0.20 δ Sct (F6V/F7V)
OWJ075121.36–270916.4c 07:51:21.36 –27:09:16.4 40.8 –4.98 14.63 0.021 δ Sct (F2V)
OWJ075305.78–301208.1a 07:53:05.78 –30:12:08.1 102.2 –3.23 16.92 0.030 –0.74 0.46 0.28 0.24 early B-typed
OWJ075359.78–275732.6a,c 07:53:59.78 –27:57:32.6 26.1 –5.28 13.98 0.020 0.37 0.33 0.20 0.09 δ Sct (F3V/F4V)
OWJ075436.40–304655.0a 07:54:36.40 –30:46:55.0 11.6 –2.89 20.62 0.246 –0.78 0.34 pulsating WD?
OWJ075527.61–314825.3a 07:55:27.61 –31:48:25.3 38.6 –3.07 15.85 0.007 –0.22 0.64 0.42 δ Sct (F6V/F7V)
OWJ075531.59–315058.2 07:55:31.59 –31:50:58.2 9.6 –3.33 16.98 0.009 2.45 2.13 1.06 0.42 late G-type
OWJ075532.58–280854.3a,c 07:55:32.58 –28:08:54.3 21.4 –4.17 16.70 0.018 0.50 0.52 0.34 0.13 δ Sct (F5V)
OWJ075620.67–291605.4 07:56:20.67 –29:16:05.4 58.8 –4.31 16.96 0.040 0.53 0.96 0.48 0.18 δ Sct F8V
OWJ075640.83–291107.9 07:56:40.83 –29:11:07.9 38.7 –3.86 15.83 0.009 0.37 0.53 0.28 0.08 δ Sct (F5V)
OWJ075719.94–292955.5a 07:57:19.94 –29:29:55.5 98.7 –3.42 20.24 0.436 –0.93 0.14 0.02 –0.23 subdwarf pulsator?
OWJ075837.37–292904.2c 07:58:37.37 –29:29:04.2 24.7 –4.24 16.30 0.011 δ Sct (F3V/F4V)
OWJ075918.25–313721.6 07:59:18.25 –31:37:21.6 40.0 –3.52 15.73 0.009 0.40 0.70 0.45 δ Sct (F6V/F7V)
OWJ075952.17–292817.6c 07:59:52.17 –29:28:17.6 38.1 –4.37 15.05 0.012 0.20 0.48 0.28 0.28 δ Sct (F5V)
aObserved spectroscopically with the RSS on SALT. POW is equivalent to the PLS notation used in Paper I.
bIdentified in the SIMBAD database as either a planetary nebula candidate (PN?), or a symbiotic binary star system (Sym).
calso a photometric follow-up target, see Table 4.1.
dClassified through visual inspection of the relative intensities of the H, He I and Na I doublet absorption lines
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Table 4.3: cont. Properties of targets for spectroscopic follow-up observations: star ID; RA and Dec; OW Lomb Scargle period (POW ) and false
alarm probability (log10(FAP)) of the highest peak in the periodogram, OW calibrated g-band magnitude(OWg), amplitude of OW
light curve (AOW ), VPHAS+ colour indices g − r, u− g, r − i, and r −Hα.
Star ID RA (J2000) DEC (J2000) POW log10(FAP) gOW AOW u− g g − r r − i r −Hα comments
(hh:mm:ss) (o:′:“) (min) (mag) (mag) (mag) (mag) (mag) (mag)
OWJ080146.04–294518.2 08:01:46.04 –29:45:18.2 64.0 –3.65 15.93 0.013 0.17 0.56 0.39 0.15 δ Sct (F6V/F7V)
OWJ080154.61–281513.9 08:01:54.61 –28:15:13.9 49.4 –1.10 17.11 0.279 G5V
OWJ080202.79–302356.3 08:02:02.79 –30:23:56.3 128.3 –3.32 15.81 0.018 –0.04 0.72 0.39 0.28 G2V
OWJ080205.31–300331.4 08:02:05.31 –30:03:31.4 72.8 –4.33 14.54 0.216 0.18 0.55 0.32 0.22 HADs? (F6V/F7V)
OWJ080205.41–295804.6c 08:02:05.41 –29:58:04.6 37.2 –4.13 16.76 0.016 0.57 0.81 0.46 0.29 δ Sct (F3V/F4V)
OWJ080242.91–314653.4 08:02:42.91 –31:46:53.4 40.1 –3.52 15.72 0.009 0.22 0.19 δ Sct (F4V)
OWJ080257.23–292136.0c 08:02:57.23 –29:21:36.0 65.8 –3.62 14.71 0.014 0.02 0.76 δ Sct (F6V/F7V)
OWJ080311.83–291144.6a 08:03:11.83 –29:11:44.6 122.6 –4.40 19.74 0.502 –1.77 –0.20 0.04 0.91 ecl. dwarf nova
OWJ080313.04–320720.2 08:03:13.04 –32:07:20.2 22.8 –4.34 16.80 0.022 0.36 0.52 0.39 0.18 δ Sct (F2V)
OWJ080323.23–314852.6 08:03:23.23 –31:48:52.6 37.9 –4.44 16.09 0.032 0.30 0.38 0.32 0.17 δ Sct (F5V)
OWJ080418.75–293740.2c 08:04:18.75 –29:37:40.2 30.3 –3.37 14.17 0.005 0.14 0.42 0.26 0.10 δ Sct (F5V)
OWJ080517.37–310257.5 08:05:17.37 –31:02:57.5 20.7 –3.76 15.55 0.011 0.26 0.55 0.31 0.18 δ Sct (F6V/F7V)
OWJ080527.94–275144.8 08:05:27.94 –27:51:44.8 48.0 –4.64 15.56 0.009 0.18 0.55 0.25 0.10 δ Sct (F6V/F7V)
OWJ080531.16–274221.5 08:05:31.16 –27:42:21.5 73.8 –4.93 17.60 0.054 0.32 0.68 G1V
OWJ080626.33–302545.3 08:06:26.33 –30:25:45.3 113.5 –3.50 15.68 0.018 –0.03 0.85 0.41 0.26 G1V
OWJ080901.66–291652.2 08:09:01.66 –29:16:52.2 39.8 –3.62 16.24 0.016 0.21 0.47 0.27 0.12 δ Sct (F6V/F7V)
OWJ080910.70–300744.1 08:09:10.70 –30:07:44.1 108.2 –3.03 16.19 0.015 –0.01 0.78 0.41 0.28 G1V
OWJ080911.11–300209.2 08:09:11.11 –30:02:09.2 112.3 –3.63 15.96 0.020 –0.04 0.68 0.32 0.23 δ Sct (F5V)
OWJ080916.72–292158.0a,c 08:09:16.72 –29:21:58.0 31.2 –5.78 15.30 0.027 0.33 0.45 0.27 0.19 δ Sct (F5V)
OWJ081018.30–273749.1 08:10:18.30 –27:37:49.1 52.6 –4.94 15.49 0.038 0.19 0.54 0.30 0.16 δ Sct F5V
OWJ081116.72–313821.1 08:11:16.72 –31:38:21.1 33.9 –3.64 14.83 0.007 δ Sct (F5V)
OWJ081234.73–312409.8 08:12:34.73 –31:24:09.8 35.4 –4.12 15.02 0.011 δ Sct (F6V/F7V)
OWJ081321.93–313537.7 08:13:21.93 –31:35:37.7 34.9 –3.50 14.86 0.006 δ Sct (F6V/F7V)
OWJ082257.05–280051.0 08:22:57.05 –28:00:51.0 40.2 –3.64 15.52 0.011 δ Sct (F8V)
OWJ172235.29–321403.6b 17:22:35.27 –32:14:03.7 22.6 –4.96 15.75 0.006 PN?, Th 3-8
OWJ175848.21–271653.7c 17:58:48.21 –27:16:53.7 32.5 –3.49 15.75 0.254 0.40 0.27 0.12 δ Sct with dips
OWJ180441.23–270912.4b 18:04:41.22 –27:09:12.4 22.8 –3.18 15.06 0.006 Sym, SS73 122
OWJ181043.86–275750.0b 18:10:43.86 –27:57:50.1 31.4 –3.62 14.69 0.008 Sym, Hen 2–357
aObserved spectroscopically with the RSS on SALT. POW is equivalent to the PLS notation used in Paper I.
bIdentified in the SIMBAD database as either a planetary nebula candidate (PN?), or a symbiotic binary star system (Sym).
calso a photometric follow-up target, see Table 4.1.
dClassified through visual inspection of the relative intensities of the H, He I and Na I doublet absorption lines
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4.3 Spectroscopic follow-up observations
All SALT targets were observed using the RSS in long-slit mode, with a 1.5“ slit width (see
Table 4.A.2 for the SALT observing log). Early observations were obtained using the pg0300
grating with a grating angle of 5 degrees, providing a wavelength range of ∼3200 Å - 9000 Å
and a central dispersion of 1.52 Å/pixel. In order to improve the spectral resolution for later
observations, the pg0900 grating with a grating angle of 14.375 degrees was used, covering a
smaller wavelength range of ∼3980 Å - 6980 Å with a dispersion of 0.49 Å/pixel. All targets were
reduced using either an Argon or a Xenon arc for wavelength calibration and the standard IRAF
(Tody, 1986, 1993) and PYSALT (Crawford et al., 2010) routines.
SpUpNIC longslit spectra were obtained for 47 targets, as shown in Table 4.A.2. These bright
targets (g < 18 mag) were selected for various reasons: a) the target had already been observed
photometrically using SHOC, b) the target has SALT identification spectra to compare with, c)
the target stands out in colour-colour space as a particularly blue or red source, or d) it exhibited
a dominant short-period variation (POW < 45 mins) with a low probability of being due to noise
(log10(FAP) < –4.5). Observations were made using grating 6 and grating 7, with varying slit
widths and grating angles (see Table 4.A.2 for details) to achieve approximate wavelength ranges
of 3560 Å - 6470 Å(dispersion = 1.39 Å/pixel), or 3120 Å - 8290 Å (dispersion = 2.85 Å/pixel)
respectively. CuAr arcs were taken for wavelength calibration purposes with either no order
filter for grating 6 or the BG38 filter for grating 7, and all SpUpNIC spectra were processed and
extracted using standard IRAF routines.
4.3.1 Spectroscopic classification
In order to determine the approximate spectral type for each of the targets observed with SpUp-
NIC, we measured the equivalent width (EW) ratio of the Na I doublet (5890 Å, 5896 Å) to Hβ
for each target’s spectrum, and compared these EW ratios to the EW ratios of several spectral
types obtained from model Atlas9 data (Castelli & Kurucz, 2004). In Table 4.4 we list the EW
ratios for each of these OW targets and in Figure 4.2 we show where these EW ratios overlap the
expected spectral type EW ratio curve. The SpUpNIC-observed spectra for all targets, ordered
by their proposed spectral type, are presented in Figure 4.A.2.
From this first-order spectral classification, we determined that the majority of our targets
exhibit F-type stellar spectra with strong Balmer absorption lines and weaker evidence of the Na I
doublet. There is also evidence for ionized Ca lines at 3968 Å (H) and 3933 Å (K), and (in some
cases) the Mg I triplet (5167 Å, 5172 Å, 5183 Å). Furthermore, as these F-type stellar systems
exhibit short-period variations (PLS < 113 mins), with amplitudes < 0.3 mag, they are therefore
most likely to be low-amplitude δ Sct stars.
A number of follow-up targets have been identified as having G-type spectral features, and
are therefore unlikely to be δ Sct stars. Compared to the spectra of targets identified as F-type,
the ratio of the Na I doublet to Hβ in each of these G-type spectra is relatively larger, and the
Ca lines (H and K) are stronger than all other lines. We stress that our method for determining
spectral types using the EW of the Na I doublet is only a first-order approximation. In order to
improve the spectral identification of our targets, we could use additional lines for comparison,
such as the Ca H and K lines or the Mg triplet lines around 5172 Å(which is one of the best
diagnostics for determining late spectral types, such as G-type stars).
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Figure 4.2: Equivalent Width ratios of Na I doublet (5896 Å, 5890 Å) to Hβ for a range of spectral
types (using model Atlas9 data Castelli & Kurucz, 2004), overlaid by the EW ratios
for all SpUpNIC-observed variables. Model EW ratios increase exponentially towards
later spectral types (represented by the dashed curved line), and the measured EW
ratio for each of the SpUpNIC variables are shown by a line spanning all spectral
types, with the median EW ratio uncertainty indicated by a vertical bar. Likely
spectral classes for each variable are listed in Table 4.4, ordered by early to late type
spectral class (horizontal lines from bottom to top). The seven latest spectral type
targets are labeled.
4.4 The population of variables
Having established the validity of the OW pipeline-derived amplitudes and periods, and determin-
ing the spectral classification for some of our targets, we plot our 71 follow-up targets in period-
amplitude and magnitude-amplitude space in Figure 4.3, and indicate the proposed nature of the
system as determined through spectroscopic identification. Furthermore, by cross-matching our
targets with the VST Photometric Hα Survey of the Southern Galactic Plane (VPHAS+, Drew
et al., 2014) in order to obtain multiband colour information, we were able to retrieve u-band,
g-band and r-band filter photometry for 48 of our targets, and r-band, i-band and Hα-band filter
photometry for 43 follow-up targets. In Figure 4.4, we show the position of these objects in two
colour-colour planes and, as in Figure 4.3, we show the spectral classification of the targets where
possible, and label those systems with only photometric follow-up as ‘no spectra’.
As shown in the left panel of Figure 4.3, most of our stars appear to clump together at
periods between 20 and 45 minutes with amplitudes AOW < 0.04 mag (log10(AOW ) ≤ –1.4).
The majority of these objects have been spectroscopically identified as early/late F-type stars
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Table 4.4: Equivalent Width ratios of Na I doublet (5896 Å, 5890 Å) to Hβ, and approximate
spectral type for the SpUpNIC-observed variables
SpUpNIC-observed EW Ratio ∼ Spectral SpUpNIC-observed EW Ratio ∼ Spectral
Variable (Na I/Hβ) Type Variable (Na I/Hβ) Type
OWJ080313.04-320720.2 0.058±0.028 F2V OWJ081321.93-313537.7 0.112±0.030 F6V/F7V
OWJ075049.73-270018.3 0.061±0.019 F2V OWJ080257.23-292136.0 0.113±0.056 F6V/F7V
OWJ075121.36-270916.4 0.061±0.029 F2V OWJ075114.46-270311.2 0.117±0.028 F6V/F7V
OWJ080242.91-314653.4 0.067±0.048 F3V/F4V OWJ080517.37-310257.5 0.119±0.019 F6V/F7V
OWJ074216.77-241327.5 0.073±0.026 F3V/F4V OWJ080527.94-275144.8 0.120±0.032 F6V/F7V
OWJ080205.41-295804.6 0.074±0.029 F3V/F4V OWJ081234.73-312409.8 0.120±0.012 F6V/F7V
OWJ074106.40-293325.5 0.074±0.020 F3V/F4V OWJ080146.04-294518.2 0.120±0.047 F6V/F7V
OWJ075837.37-292904.2 0.075±0.038 F3V/F4V OWJ075918.25-313721.6 0.121±0.028 F6V/F7V
OWJ074447.99-262155.6 0.078±0.027 F3V/F4V OWJ080901.66-291652.2 0.123±0.031 F6V/F7V
OWJ074533.75-263212.5 0.079±0.024 F3V/F4V OWJ080205.31-300331.4 0.124±0.017 F6V/F7V
OWJ075359.78-275732.6 0.079±0.027 F3V/F4V OWJ075527.61-314825.3 0.124±0.030 F6V/F7V
OWJ080911.11-300209.2 0.084±0.026 F5V OWJ074101.18-291540.0 0.128±0.021 F8V
OWJ075952.17-292817.6 0.086±0.022 F5V OWJ073649.27-295601.8 0.129±0.042 F8V
OWJ074513.22-261036.0 0.087±0.030 F5V OWJ074551.57-242147.8 0.130±0.031 F8V
OWJ080418.75-293740.2 0.090±0.157 F5V OWJ075620.67-291605.4 0.136±0.585 F8V
OWJ080916.72-292158.0 0.091±0.044 F5V OWJ082257.05-280051.0 0.152±0.024 F8V
OWJ074059.42-242452.4 0.092±0.033 F5V OWJ074127.67-243642.9 0.152±0.064 F8V
OWJ080323.23-314852.6 0.094±0.027 F5V OWJ080910.70-300744.1 0.246±0.031 G1V
OWJ081018.30-273749.1 0.095±0.025 F5V OWJ080626.33-302545.3 0.256±0.032 G1V
OWJ081116.72-313821.1 0.096±0.022 F5V OWJ080531.16-274221.5 0.276±0.034 G1V
OWJ075640.83-291107.9 0.098±0.019 F5V OWJ080202.79-302356.3 0.298±0.058 G2V
OWJ073909.96-300620.0 0.100±0.023 F5V OWJ080154.61-281513.9 0.359±0.046 G5V
OWJ073823.16-303958.0 0.101±0.061 F5V OWJ075531.59-315058.2 1.253±0.154 late G-typea
OWJ074515.73-260841.7 0.108±0.025 F6V/F7V
adetermined through inspection of absorption features.
and are thus likely low-amplitude δ Sct stars. Furthermore, their positions in colour-colour space
are consistent with the known spectral types of δ Sct stars (Chang et al., 2013). Although the
remaining stars within this region have only been observed photometrically, their location within
this plane implies that they are likely to be δ Sct stars. However, their precise nature remains
uncertain as the two symbiotic binaries and the central star of the planetary nebula candidate
also lie within this region.
The second largest clump of stars is visible with periods between 45 mins and 80 mins and
with amplitudes AOW < 0.04 mag. With the exception of one star (OWJ080531.16–274221.5),
these targets are identified as low-amplitude F-type δ Sct stars. By plotting all the δ Sct stars in
colour-colour space (as shown in Figure 4.4), we can see that these classifications largely agree
with the expected (reddened) stellar colours (see also Paper II). OWJ080531.16–274221.5, itself,
exhibits the spectral features of a G1V-type spectrum. Most of the other targets identified with
G-type spectra have variations with relatively longer periods (in the region where POW > 100
mins and AOW < 0.04 mag).
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Figure 4.3: All 71 OW targets selected for follow-up observations (with properties listed in Ta-
ble 4.1 and Table 4.3) in period-amplitude space, upper panel, and magnitude-
amplitude space, lower panel (according to their OW periods (POW ), amplitudes
(AOW ), and Sloan g magnitudes (OWg)). For more details of these distributions in
OW data, see Paper II.
Four of the stars, namely OWJ181847.29–251231.9, OWJ073823.16–303958.0, OWJ075531.59–
315058.2, and OWJ073919.72–300922.7, exhibit modulations with periods under 20 minutes, and
amplitudes AOW ranging from 0.005 mag to 0.06 mag (–2.3 ≤ log10(AOW ) ≤ –1.2 ). Apart from
OWJ181847.29–251231.9, the period of these systems still needs to be validated using follow-
up photometric observations. If these short periods can be supported by additional data, then
we would be populating the short-period end of the period distribution of δ Sct stars (Uytter-
hoeven et al., 2011, find a period minimum of ∼18 mins in Kepler observations of δ Sct stars).
Furthermore, their positioning in period-amplitude space overlaps with the location of objects
such as rapidly oscillating Ap stars (roAp), and pulsating hydrogen-atmosphere (DA) white
dwarfs (ZZ Ceti). However, OWJ073823.16–303958.0 exhibits an early F-type spectrum, and
OWJ075531.59–315058.2 is a very red object (as shown in Figure 4.4a), with a late G5V-type
spectrum so both are not DA white dwarfs.
Lastly, seven of the targets have relatively large amplitudes, greater than 0.1 mag (log10(AOW ) ≥
–1.0). In addition to a possible high-amplitude δ Sct star (OWJ080205.31–300331.4), and a
G5V stellar object (OWJ080154.61–281513.9), this subset includes three possible pulsating white
dwarfs/subdwarfs (OWJ075436.40–304655.0, and OWJ074106.07–294811.0, and OWJ075719.94–
292955.5), an eclipsing CV candidate (OWJ080311.83–291144.6), and a high-amplitude δ Sct-type
candidate (OWJ175848.21–271653.7), which also appears to exhibit small dipping features in its
SHOC follow-up light curve. The latter five targets are discussed further in Section 4.5 and
Section 4.6.
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Figure 4.4: Distribution of all 71 follow-up targets, for which VPHAS+ colour information was
available is shown in u − g vs g − r space, overlapping a 2D histogram of all OW
stars with colours indices from ESO P88 - P94 (in bins of 0.1 mag units for the upper
panel, and in bins of 0.05 mag units for the lower panel). For the Main Sequence (MS)
track, we used the synthetic colours provided by Drew et al. (2014) for Rv=3.1 and
extinction coefficient A0 = 0, indicated by ‘Drew MS’. DA and DB tracks are shown,
using synthetic colour colour tracks with surface gravities of log g = 8.0 provided by
Raddi et al. (2016). For more details of the colour distributions in OW data, see
Paper II.
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Figure 4.5: g−band OW light curves (upper panels), and continuum-normalised SALT-observed
spectra (lower panel) of the three pulsating white dwarf, subdwarf, or binary star can-
didates: OWJ075719.94–292955.5, OWJ075436.40–304655.0, and OWJ074106.07–
294811.0. Dashed lines indicate spectral lines (as labeled), and shaded areas cover
atmospheric telluric bands.
4.5 Searching for Ultra Compact Binaries
Four of the bluest targets, namely OWJ074106.07–294811.0, OWJ075719.94–292955.5, OWJ075436.40–
304655.0, and OWJ075305.78–301208.1 (hereafter OWJ0741–2948, OWJ0757–2929, OWJ0754–
3046 and OWJ0753–3012 resp.) were observed by SALT as our most likely UCB candidates,
exhibiting colours most consistent with known AMCVn systems. However, only one of these sys-
tems, OWJ0741–2948, has been found to be a UCB. Additional photometry and spectroscopy is
needed to further classify these four systems. In Figure 4.5, we compare the SALT-observed spec-
tra of two other UCB candidates, namely OWJ0757–2929 and OWJ0754–3046, to the spectrum
of OWJ0741–2948, and in Figure 4.6, we show the spectrum of OWJ0753–3012.
4.5.1 The UCB OWJ0741–2948
As discussed in Paper I, the SALT-observed spectrum of OWJ0741–2948 revealed weak narrow
Balmer absorption lines and little evidence of helium. Further photometric and spectroscopic
follow-up of this target (shown in Figure 4.5) reveals it is in a binary system with a 44-minute
orbital period, consisting of a hot subdwarf O star and a compact companion. Additional follow-
up data of this target has now been obtained and a future paper, Kupfer et al. (in prep), will be
dedicated to exploring the properties of this unique target.
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Figure 4.6: Normalised SALT-observed spectrum of early B-type star or binary system candidate
OWJ075305.78–301208.1. Dashed lines indicate important spectral lines (as labeled),
and shaded areas cover the atmospheric telluric bands.
4.5.2 OWJ0757–2929
OWJ0757–2929 exhibits the broad Balmer absorption lines characteristic of a DA white dwarf
pulsator, with little evidence of helium or other metals (although the low SNR in all spectra in
Figure 4.5 make line identification other than the hydrogen lines uncertain). Furthermore, the
blue colours of this target are indicative of a massive hot DA white dwarf ( u− g = –0.93, g − r
= 0.14 for OWJ0757–2929). However, in the OW light curve of OWJ0757–2929, the amplitude
(AOW = 0.44 mag) is larger than what is expected in a pulsating or rotating white dwarf. Also,
there is no evidence for the short-periods typically associated with DA white dwarf pulsations.
Instead it exhibits a modulation on a period longer than the observation duration (> 2 hours). It
is possible that OWJ0757–2929 is a binary system consisting of a hot white dwarf and a M-dwarf
binary. In this case, the variations could be due to the reflection effect from the cool M-dwarf
companion on the orbital period. Another possibility is that OWJ0757–2929 is a cataclysmic
variable that was in a low or off accretion state when the spectrum was observed.
4.5.3 OWJ0754–3046
In the case of OWJ0754–3046, there is no evidence of Hα absorption which could either be due to
intrinsic weakness of the line, or (partial) infill by emission (similar to what is seen in OWJ0741–
2948). Furthermore, the absorption lines are narrower than lines typically associated with white
dwarfs. The spectrum more closely resembles that of a hot pulsating subdwarf or a distant B
star, although the large photometric amplitude (AOW = 0.25 mag) suggests the variations do
not originate from pulsations. As in OWJ0757–2929, OWJ0754–3046 exhibits very blue colours
(u − g =–0.78, g − r = 0.34). A period of 11.6 min was identified in the light curve of OW
J075436-30 using the Lomb Scargle test. The OW pipeline uses difference imaging to obtain light
curves for each star in our images (see Paper I for details). However, as part of our process to
verify candidate variables identified using the pipeline (see Paper II for further details), additional
differential aperture photometry did not confirm the 11.6 min period, but some evidence was found
for a longer period in this source.
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panel), and SALT-observed spectrum (lower panel) of eclipsing CV candidate
OWJ080311.83–291144.6. Dashed lines indicate important spectral lines (as labeled),
and shaded areas cover atmospheric telluric bands.
4.5.4 OWJ0753–3012
The target OWJ0753–3012 was selected for SALT follow-up based on its very blue colour (u− g
=–0.74, g−r = 0.46). The SALT spectrum of this target, shown in Figure 4.6, reveals absorption
lines of H I, He I, the Na I doublet, and some weak evidence for the Mg I triplet. Since He I λ5876
and the Na I doublet are of equal strength, the He I absorption lines are relatively strong, and
there is no clear evidence for He II absorption, this implies the source has the spectral type of an
early B-type star. As OWJ0753–3012 also exhibits a long period variation in its OW light curve
(POW ∼ 102 mins), it is possibly a slow or hybrid subdwarf B variable. Detailed photometric
observations of this target are now required to confirm the modulation period detected by OW,
and to search for the shorter-period variations typically associated with hybrid sdB stars.
4.6 The eclipsing system OWJ080311.83–291144.6
The target OWJ080311.83–291144.6 (hereafter OWJ0803–2911), was selected for SALT spectro-
scopic follow-up, as it exhibited very blue colours (u−g = –1.77, g−r = –0.20). According to the
colour-colour plots in Figure 4.4, it is the bluest object of all targets with VPHAS+ colours, and
additional differential photometry of this target reveal deep eclipses of <10.7 minutes duration in
its light curve, with an orbital period that is greater than 60 min (see Figure 4.7, and Paper II for
details). The SALT spectrum for OWJ0803–2911 exhibits strong double-peaked Balmer emission
lines, characteristic of an accretion disc in a cataclysmic variable (CV), and a strong double-
peaked He II λ4686 line. Furthermore, these lines are split deeply, indicating that the system is
at a high inclination. Thus, with an orbital period that is greater than the observation duration
(> 2 hrs), it can be classified as a cataclysmic variable binary star system.
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Figure 4.8: Continuum-normalised spectra of the SpUpNIC-observed target OWJ172235.29-
321403.6. The target is identified as a planetary nebula candidate in the SIMBAD
database (PNTh3–8), but no emission lines can be seen. Dashed lines indicate im-
portant spectral lines (as labeled), and shaded areas cover atmospheric telluric bands.
4.7 δ Sct-type pulsators
δ Sct-type stellar pulsators, and their cousins the SX Phe and γ Dor stars, are amongst the
most common of variable stars (e.g. Breger, 2000). In Paper II, we found nearly 400 δ Sct-type
candidates based on their photometric variability properties and ugr colours. In this paper we
present optical spectra of a sub-sample of these δ Sct-type candidates.
4.7.1 OWJ172235.29-321403.6
The target OWJ172235.29-321403.6 is identified in SIMBAD as a planetary nebulae candidate
(PN Th 3-8). Although the source is classified as a planetary nebula in the SIMBAD database,
Acker et al. (1987) find no evidence for emission lines. Similarly, we find no emission line evidence,
as shown in the SpUpNIC spectrum of the PNTh3–8 in Figure 4.8. Instead, it exhibits strong
Balmer absorption lines and a weak Ca K line, comparable to the spectra of our early F-type δ
Sct stars. We concur with Acker et al. (1987) that this object is misclassified and propose that
the classification of PN is removed from SIMBAD.
4.7.2 The unique δ Sct-type candidate OWJ175848.21–271653.7
The photometry of OWJ175848.21–271653.7 (hereafter OWJ1758–2716) shows characteristics
typical of a δ Sct-type pulsator but with an unusual dip at the peak of the pulsation cycle. This
relatively bright target (OWg ≈ 15.75 mag) was originally selected for follow-up observations
based on its short-period oscillations (POW ≈ 32.5 mins), and its low false alarm probability
(log10(FAP) ≈ –3.49). Furthermore, the OW light curve of this target exhibits clear modulations
with an amplitude of 0.254 mag. The asymmetric light curve shape, typical of δ Sct-type light
curves, is clearly observed in the follow-up SHOC light curves. However, the SHOC light curves
also reveal a dip in magnitude during peak brightness in each cycle, as shown in Figure 4.9.
The dip, which is 22% of the peak-to-peak amplitude with a duration of ∼3 minutes, has never
been seen before in δ Sct stars (to the best of our knowledge). However, it is very reminiscent of
the effect predicted and seen in Cepheid stars, related to an opacity/ionization dip in so-called
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Figure 4.9: g−band OW light curve (upper left panel), and the associated SHOC light curve
(no filter), the first two cycles folded on PSHOC (upper right panel) and all the data
unfolded (middle panel) of δ Sct-type candidate OWJ175848.21–271653.7. SHOC data
has been binned in either 1-minute (folded data), or 30-s (unfolded data) intervals.
The SpUpNIC-observed spectrum is shown in the lower panel, with important spectral
lines indicated, and shaded areas cover atmospheric telluric bands.
‘Bump Cepheids’ (Adams et al. 1978; Bono et al. 2000; Mihalas 2003). This occurs when the
ionization shock front driving the pulsation is exposed in the photosphere of the star, due to a
resonance between the fundamental mode and the second radial overtone having a period ratio
of exactly 2. As part of the radiated energy is being absorbed in the ionization zone it causes a
decrease of the luminosity of the star. Simulations of Cepheids show that the depth and phase
at which this occurs is a sensitive parameter for the mass and evolutionary state of the system
(e.g. the 7.4 M Cepheid model in Fig. 3 in Adams et al. (1978) is almost a carbon-copy of
our light curve for OWJ1758–2716). Such modelling for δ Sct stars is currently lacking, but
would allow a determination of their internal structure. However, the δ Sct star classification has
now been challenged by spectroscopic observations. The SpUpNIC spectra of OWJ1758–2716,
shown in Figure 4.9, reveals a combination of strong H I and He I absorption lines (as well as
some evidence for K and the Na I and C III doublets). This spectra appears to indicate that
OWJ1758–2716 is a B-type star, rather then the A- or F-type star that is associated with δ Sct
stars. Detailed observations are now required to determine the precise nature of this intriguing
object.
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4.8 The symbiotic binaries SS73 122 and Hen 2–357
As discussed in Paper II, a number of short-period variables from the first 4 years of OW ob-
servations have been identified in the SIMBAD database. Two of our spectrographic targets,
OWJ180441.23-270912.4 and OWJ181043.86-275750.0 are classified as symbiotic stars in SIM-
BAD (SS73 122 and Hen 2–357 resp.)
The OW light curves of the symbiotic binaries SS73 122 and Hen 2–357 show short-periodic
variations of 22.8 mins and 31.4 mins respectively. The 22.8 min variation seen in Hen 2-357 is
discussed more thoroughly in Paper II, which presents evidence that Hen 2-357 could belong to
the rare class of magnetic symbiotic stars. The SpUpNIC-observed spectra for the two sources
are shown in Figure 4.10. Both spectra exhibit clear evidence for a late-type giant (e.g. TiO, Ca
II absorption bands), and strong emission lines of H I, He I, |O II|, and |Fe VII| (with weaker
evidence for |O III| and He II). Furthermore, the Raman-scattered OVI emission feature (at λ
6823) can be identified in both spectra. According to Belczyński et al. (2000), this is sufficient to
classify them as symbiotic stars. However, in both sources it is apparent that there are additional
emission features that can possibly be attributed to a planetary nebulae shell in both cases. This
can also be seen in the extended emission observed in the 2D spectra of both targets.
4.9 Summary and Conclusions
In this paper, we present the photometric and spectroscopic follow-up observations of 71 short-
period targets, selected from the OW Survey. We have observed 27 of the follow-up targets
using SHOC on the SAAO 1.0-m and 1.9-m telescopes, and 57 of the targets have spectroscopic
observations, using either SpUpNIC on the SAAO 1.9-m, or the RSS on SALT.
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From the analysis presented in Section 4.2.1 we conclude that the OW pipeline is delivering
periods and amplitudes in concordance to the expectations from simulations presented in Paper I.
A small number of objects in our sample do not show the expected variability behaviour in their
SHOC light curves. This can be due to factors such as poor photometry, limited SNR values, long
time-scale changes, phasing phenomena, or due to the relatively short duration of the OW light
curves. If we exclude the four targets that have the greatest difference between their respective
OW and SHOC periods (OW J073919.72–300922.7, OW J080205.41–295804.6, OWJ174308.60-
255102.6, and OW J080257.23–292136.0), the OW periods are accurate to within 5%, with an
RMS-scatter of 10%. This agrees with the accuracies derived in Paper I for simulated simple
sinusoidal light curves for periods at least below 80 minutes.
The analysis from Section 4.3.1 and Section 4.4 indicates that low-amplitude δ Sct stars consti-
tute the majority of our follow-up targets and that, most importantly, these stand out in period,
amplitude and colour planes. In future papers, we will use this sample to better understand the
period and amplitude distributions of δ Sct stars, as discussed in Paper II. We can also use these
groupings in period/amplitude/magnitude space to bias target selection for future follow-up ob-
servations, based on their positions within these planes. We will next target the regions where
objects exhibit periods less than 20 mins (possible UCB or pulsating white dwarf candidates),
and objects with amplitudes greater than 0.2 magnitudes (where the hot single stars and eclipsing
CV candidate from Section 4.5 and Section 4.6 are located).
It is clear that the OW Survey is successfully able to provide numerous interesting and unusual
objects. The discovery of OWJ1758–2716 shows that a survey such as OW, coupled to appropriate
follow-up photometry, is capable of picking out rare short-period variables. The detection of an
eclipsing CV system (OWJ0803–2911) proves that it is also possible to detect longer-period
variables, as well as eclipsing systems, in the OW survey. Techniques for detecting transient
events such as eclipsing features in OW sources are currently being investigated and will be
presented in future OW papers. In addition to these interesting targets, three potentially very
rare pulsating subdwarf/white dwarf sources have been detected and now require future dedicated
follow-up observations. Similarly, the two SIMBAD symbiotic stars would greatly benefit from
high cadence photometric observations in order to confirm their light curve modulation period,
and whether these variations are indeed the result of pulsations or rotations. So far, at least one
of these symbiotics, Hen 2–357, exhibit a verified short-period modulation, implying it could be
only the second known magnetic symbiotic star.
As the OW Survey is ongoing, we shall continue to investigate these targets as well any new
objects, while our search for the elusive short-period AM CVn binary star systems continues.
4.A Subappendix
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Figure 4.A.1: OW light curves (left panels), follow-up SHOC light curves (middle panels) and
discrete Fourier Transform power spectra (‘DFT’, right panels) of the selected tar-
gets (one target per row, ordered by RA). OW light curves are in g-band and are
processed using difference imaging in the OW pipeline. SHOC light curves are ob-
served with no filter, and are binned to match the OW cadence. In each SHOC
and OW DFT, the power has been normalised to the peak SHOC or peak OW
power resp, for ease of period comparison. See Table 4.2 for the peak amplitude
and associated period for each target.
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Figure 4.A.1: cont. OW light curves (left panels), follow-up SHOC light curves (middle panels)
and discrete Fourier Transform power spectra (‘DFT’, right panels) of the selected
targets (one target per row, ordered by RA). OW light curves are in g-band and
are processed using difference imaging in the OW pipeline. SHOC light curves are
observed with no filter, and are binned to match the OW cadence. In each SHOC
and OW DFT, the power has been normalised to the peak SHOC or peak OW
power resp, for ease of period comparison. See Table 4.2 for the peak amplitude
and associated period for each target.
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Figure 4.A.1: cont. OW light curves (left panels), follow-up SHOC light curves (middle panels)
and discrete Fourier Transform power spectra (‘DFT’, right panels) of the selected
targets (one target per row, ordered by RA). OW light curves are in g-band and
are processed using difference imaging in the OW pipeline. SHOC light curves are
observed with no filter, and are binned to match the OW cadence. In each SHOC
and OW DFT, the power has been normalised to the peak SHOC or peak OW
power resp, for ease of period comparison. See Table 4.2 for the peak amplitude
and associated period for each target.
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Figure 4.A.1: cont. OW light curves (left panels), follow-up SHOC light curves (middle panels)
and discrete Fourier Transform power spectra (‘DFT’, right panels) of the selected
targets (one target per row, ordered by RA). OW light curves are in g-band and
are processed using difference imaging in the OW pipeline. SHOC light curves are
observed with no filter, and are binned to match the OW cadence. In each SHOC
and OW DFT, the power has been normalised to the peak SHOC or peak OW
power resp, for ease of period comparison. See Table 4.2 for the peak amplitude
and associated period for each target.
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Figure 4.A.1: cont. OW light curves (left panels), follow-up SHOC light curves (middle panels)
and discrete Fourier Transform power spectra (‘DFT’, right panels) of the selected
targets (one target per row, ordered by RA). OW light curves are in g-band and
are processed using difference imaging in the OW pipeline. SHOC light curves are
observed with no filter, and are binned to match the OW cadence. In each SHOC
and OW DFT, the power has been normalised to the peak SHOC or peak OW
power resp, for ease of period comparison. See Table 4.2 for the peak amplitude
and associated period for each target.
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Figure 4.A.1: cont. OW light curves (left panels), follow-up SHOC light curves (middle panels)
and discrete Fourier Transform power spectra (‘DFT’, right panels) of the selected
targets (one target per row, ordered by RA). OW light curves are in g-band and
are processed using difference imaging in the OW pipeline. SHOC light curves are
observed with no filter, and are binned to match the OW cadence. In each SHOC
and OW DFT, the power has been normalised to the peak SHOC or peak OW
power resp, for ease of period comparison. See Table 4.2 for the peak amplitude
and associated period for each target.
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Table 4.A.1: Photometric Observing Log for SHOC observations.
Star ID gOW Date Telescope Duration Exp. Time
(mag) (dd/mm/yyyy) (hrs) (s)
OWJ073919.72–300922.7 16.26 14/04/2014 1.0-m 3 30
OWJ074106.40–293325.5 15.75 03/01/2015 1.0-m 3 10
OWJ074447.99–262155.6 16.30 04/01/2015 1.0-m 2.7 15
OWJ075114.46–270311.2 15.69 06/01/2015 1.0-m 3 20
OWJ075121.36–270916.4 14.63 04/01/2015 1.0-m 5 10
OWJ075359.78–275732.6 13.98 05/01/2015 1.0-m 3.2 10
OWJ075532.58–280854.3 16.70 31/12/2014 1.0-m 2.6 10
OWJ075837.37–292904.2 16.30 17/04/2014 1.0-m 2 20
OWJ075952.17–292817.6 15.05 06/01/2015 1.0-m 3 10
OWJ080205.41–295804.6 16.76 14/04/2014 1.0-m 2.7 20
OWJ080257.23–292136.0 14.71 16/04/2014 1.0-m 3.4 30,20
OWJ080418.75–293740.2 14.17 13/04/2014 1.0-m 1.4 10
18/04/2014 1.0-m 2.4 10
OWJ080729.17–293417.1 17.00 01/01/2015 1.0-m 3.1 30
OWJ080916.72–292158.0 15.30 03/01/2015 1.0-m 3.3 15
OWJ174308.60–255102.6 14.05 21/06/2015 1.0-m 3 3
OWJ174436.19–253349.6 16.22 22/06/2015 1.9-m 3 10
OWJ175122.15–260916.7 14.44 11/09/2014 1.0-m 2 5
OWJ175210.09–262535.0 15.61 22/06/2015 1.0-m 2.7 5
OWJ175210.34–262048.7 14.69 22/06/2015 1.9-m 3 2
OWJ175509.75–260225.5 15.31 19/06/2015 1.9-m 1.8 5
23/06/2015 1.9-m 3 5
OWJ175720.15–270100.5 15.75 13/09/2014 1.0-m 3.2 10
OWJ175848.21–271653.7 15.75 20/06/2015 1.9-m 2.7 15,10
OWJ175902.86–270025.1 15.76 21/06/2015 1.9-m 2.3 10
OWJ175954.94–264752.1 16.36 15/09/2014 1.0-m 3.2 5
OWJ180259.04–271204.3 16.58 19/06/2015 1.9-m 1.5 10
20/06/2015 1.9-m 1.5 10
21/06/2015 1.9-m 1.5 10
OWJ180735.09–250943.8 16.33 12/09/2014 1.0-m 3.2 10
OWJ181847.29–251231.9 15.83 10/09/2014 1.0-m 3 5
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Table 4.A.2: Spectroscopic Observing Log for SALT and SpUpNIC (1.9-m) observations
Star ID gOW Obs. Date Telescope Grating Gr. Angle Slit Width Exp. Time
(mag) (dd/mm/yyyy) (o) (“) (s)
OWJ073649.27–295601.8 14.66 08/01/2016 1.9-m gr7 16.7 1.95 1200
OWJ073823.16–303958.0 15.70 11/01/2016 1.9-m gr7 16.65 2.39 1200
OWJ073909.96–300620.0 13.64 19/12/2015 1.9-m gr6 12.2 1.8 900
OWJ074059.42–242452.4 14.01 11/01/2016 1.9-m gr7 16.8 1.8 900
OWJ074101.18–291540.0 16.65 18/12/2015 1.9-m gr7 17 1.35 1200
OWJ074106.07–294811.0 20.02 13/04/2015 SALT pg0300 5 1.5 1000 (× 2)
23/04/2015 SALT pg0300 5 1.5 1000 (× 2)
OWJ074106.40–293325.5 15.75 30/12/2014 SALT pg0300 5 1.5 180 (× 3)
01/01/2016 1.9-m gr7 16.65 2.69 1500
OWJ074127.67–243642.9 15.39 12/01/2016 1.9-m gr7 16.9 1.8 1500
OWJ074216.77–241327.5 15.99 11/01/2016 1.9-m gr7 16.7 2.1 1500
OWJ074447.99–262155.6 16.30 09/01/2016 1.9-m gr7 16.78 1.8 1500
OWJ074513.22–261036.0 14.73 11/01/2015 SALT pg0300 5 1.5 180 (× 3)
10/01/2016 1.9-m gr7 16.65 2.69 1500
OWJ074515.73–260841.7 15.11 19/12/2015 1.9-m gr6 12.2 1.95 1200
OWJ074533.75–263212.5 15.16 20/12/2015 1.9-m gr6 12.2 2.54 1200
OWJ074551.57–242147.8 15.71 12/01/2016 1.9-m gr7 16.9 1.8 1500
OWJ075049.73–270018.3 16.03 21/12/2015 1.9-m gr6 12.6 1.5 1200
OWJ075114.46–270311.2 15.69 22/12/2015 1.9-m gr6 12.6 1.5 900
OWJ075121.36–270916.4 14.63 10/01/2016 1.9-m gr7 16.7 1.8 900
OWJ075305.78–301208.1 16.93 28/11/2015 SALT pg0900 14.375 1.5 700
OWJ075359.78–275732.6 13.98 27/12/2014 SALT pg0300 5 1.5 180 (× 3)
10/01/2016 1.9-m gr7 16.75 1.5 600
OWJ075436.40–304655.0 20.62 01/01/2016 SALT pg0900 14.375 1.5 2000
OWJ075527.61–314825.3 15.85 04/01/2016 SALT pg0900 14.375 1.5 600
06/01/2016 1.9-m gr7 16.5 2.39 1200
OWJ075531.59–315058.2 16.98 08/01/2016 1.9-m gr7 16.7 2.1 1500
OWJ075532.58–280854.3 16.70 11/01/2015 SALT pg0300 5 1.5 180 (× 3)
OWJ075620.67–291605.4 16.95 08/01/2016 1.9-m gr7 16.7 2.1 1500
OWJ075640.83–291107.9 15.83 12/01/2016 1.9-m gr7 16.87 1.5 1200
OWJ075719.94–292955.5 20.24 02/01/2016 SALT pg0900 14.375 1.5 2000
OWJ075837.37–292904.2 16.30 09/01/2016 1.9-m gr7 16.65 1.5 1500
OWJ075918.25–313721.6 15.73 12/01/2016 1.9-m gr7 16.75 1.8 1200
OWJ075952.17–292817.6 15.05 09/01/2016 1.9-m gr7 16.7 2.69 1200
OWJ080146.04–294518.2 15.93 10/01/2016 1.9-m gr7 16.65 2.69 1500
OWJ080154.61–281513.9 17.11 09/01/2016 1.9-m gr7 16.65 1.5 1500
OWJ080202.79–302356.3 15.81 09/01/2016 1.9-m gr7 16.7 2.69 1500
OWJ080205.31–300331.4 14.54 22/12/2015 1.9-m gr6 12.6 1.5 900
OWJ080205.41–295804.6 16.76 09/01/2016 1.9-m gr7 16.65 1.5 1500
OWJ080242.91–314653.4 15.72 12/01/2016 1.9-m gr7 16.75 2.39 1200
OWJ080257.23–292136.0 14.71 11/01/2016 1.9-m gr7 16.7 2.1 900
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Table 4.A.2: cont. Table 4.A.2 Spectroscopic Observing Log for SALT and SpUpNIC (1.9-m)
observations
Star ID gOW Obs. Date Telescope Grating Gr. Angle Slit Width Exp. Time
(mag) (dd/mm/yyyy) (o) (“) (s)
OWJ080313.04–320720.2 16.80 11/01/2016 1.9-m gr7 16.7 2.69 1500
OWJ080323.23–314852.6 16.09 12/01/2016 1.9-m gr7 16.8 2.1 1200
OWJ080418.75–293740.2 14.17 09/01/2016 1.9-m gr7 16.7 2.69 1200
OWJ080517.37–310257.5 15.55 11/01/2016 1.9-m gr7 16.7 2.69 1200
OWJ080527.94–275144.8 15.52 22/12/2015 1.9-m gr6 12.6 1.5 1200
OWJ080531.16–274221.5 17.59 19/12/2015 1.9-m gr7 17 1.35 1200
OWJ080626.33–302545.3 15.68 08/01/2016 1.9-m gr7 16.7 2.1 1200
OWJ080901.66–291652.2 16.24 12/01/2016 1.9-m gr7 16.75 2.39 1500
OWJ080910.70–300744.1 16.19 09/01/2016 1.9-m gr7 16.65 1.8 1500
OWJ080911.11–300209.2 15.96 10/01/2016 1.9-m gr7 16.65 2.69 1500
OWJ080916.72–292158.0 15.30 30/12/2014 SALT pg0300 5 1.5 180 (× 3)
11/01/2016 1.9-m gr7 16.65 2.99 1500
OWJ081018.30–273749.1 15.49 20/12/2015 1.9-m gr6 12.6 1.5 1200
OWJ081116.72–313821.1 14.83 12/01/2016 1.9-m gr7 16.87 1.5 900
OWJ081234.73–312409.8 15.02 12/01/2016 1.9-m gr7 16.8 1.8 1200
OWJ081321.93–313537.7 14.86 12/01/2016 1.9-m gr7 16.75 1.8 900
OWJ082257.05–280051.0 15.52 12/01/2016 1.9-m gr7 16.85 1.5 1200
OWJ172235.29–321403.6 15.75 27/04/2016 1.9-m gr7 16.0 1.5 1200/1500
OWJ175848.21–271653.7 15.75 01/05/2016 1.9-m gr7 16.0 1.8 1800/1500
OWJ180441.23–270912.4 15.06 27/04/2016 1.9-m gr7 16.0 1.5 1200 (× 3)
OWJ181043.86–275750.0 14.70 27/04/2016 1.9-m gr7 16.0 1.5 1200 (× 3)
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Figure 4.A.2: Continuum-normalised spectra of the SpUpNIC-observed targets, ordered by proposed spectral type (not including the three
SIMBAD targets presented in Section 4.8). An offset to each spectrum has been applied for visualisation purposes. Dashed lines
indicate important spectral lines (as labelled), and shaded areas cover atmospheric telluric bands.
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Figure 4.A.2: cont. Continuum-normalised spectra of the SpUpNIC-observed targets, ordered by proposed spectral type (not including the three
SIMBAD targets presented in Section 4.8). An offset to each spectrum has been applied for visualisation purposes. Dashed lines
indicate important spectral lines (as labelled), and shaded areas cover atmospheric telluric bands.
103
C
hapter
4
:
T
he
O
m
egaW
hite
Survey
III:
Follow
-up
of
Short-period
System
s
4000 4500 5000 5500 6000 6500 7000
Wavelength ( )
1
2
3
4
5
N
o
r
m
a
l
i
s
e
d
 
F
l
u
x
OW J075640.83-291107.9: F5V
OW J073909.96-300620.0: F5V
OW J073823.16-303958.0: F5V
OW J074515.73-260841.7: F6V/F7V
OW J081321.93-313537.7: F6V/F7V
OW J080257.23-292136.0: F6V/F7V
OW J075114.46-270311.2: F6V/F7V
OW J080517.37-310257.5: F6V/F7V
OW J080527.94-275144.8: F6V/F7V
OW J081234.73-312409.8: F6V/F7V
O2
HeI
Hα
OIO2
NaI**
HeI
OI
HeII
MgI***
HeIHeI
Hβ
HeII
CIII**MgII
HeIHeI
OI
Hγ
CH
CaIHδH²
K
Hζ
Figure 4.A.2: cont. Continuum-normalised spectra of the SpUpNIC-observed targets, ordered by proposed spectral type (not including the three
SIMBAD targets presented in Section 4.8). An offset to each spectrum has been applied for visualisation purposes. Dashed lines
indicate important spectral lines (as labelled), and shaded areas cover atmospheric telluric bands.
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Figure 4.A.2: cont. Continuum-normalised spectra of the SpUpNIC-observed targets, ordered by proposed spectral type (not including the three
SIMBAD targets presented in Section 4.8). An offset to each spectrum has been applied for visualisation purposes. Dashed lines
indicate important spectral lines (as labelled), and shaded areas cover atmospheric telluric bands.
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Figure 4.A.2: cont. Continuum-normalised spectra of the SpUpNIC-observed targets, ordered by proposed spectral type (not including the three
SIMBAD targets presented in Section 4.8). An offset to each spectrum has been applied for visualisation purposes. Dashed lines
indicate important spectral lines (as labelled), and shaded areas cover atmospheric telluric bands.
106
Chapter5
The OmegaWhite Survey for
Short-Period Variable Stars IV:
Discovery of the warm DQ white
dwarf OWJ175358.85–310728.9
S.A Macfarlane, P.A Woudt, P. Dufour, G. Ramsay, P.J Groot, R. Toma, B. Warner,
K. Paterson, L. Bernikov, T. Dagne, T. Kupfer, J. van Roestel
MNRAS, in prep
Abstract
We present the discovery and follow-up observations of the second known warm DQ
white dwarf OWJ175358.85–310728.9 (OW J1753–3107). OW J1753–3107 is the
brightest known warm DQ to-date and was discovered in the OmegaWhite Survey
exhibiting optical variations on a period of 35.5452 (2) mins, with no evidence for
other modulations. This period has remained constant over the last two years and a
single-period sinusoidal model provides a good fit for all follow-up light curves. The
spectrum consists of a very blue continuum with strong absorption lines of neutral
and ionised carbon, a broad He I λ4471 line, and weaker hydrogen lines. The C I lines
are Zeeman split, and indicate the presence of a strong magnetic field. Using spectral
Paschen-Back model descriptions, we determine that OW J1753–3107 exhibits the fol-
lowing physical parameters: Teff = 15940 K, log (g) = 8.5, log (N(C)/N(He)) = –0.5,
and the mean magnetic field strength is Bz =2.1 MG. This relatively low temperature
and carbon abundance (compared to the expected properties of hot DQ) is similar
to that seen in the other warm DQ SDSS J1036+6522. Although OW J1753–3107
appears to be a twin of SDSS J1036+6522, it exhibits variations on a period slightly
longer than the main period in SDSS J1036+6522 and has a higher carbon abundance.
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The source of variations is largely uncertain, but they are believed to originate from
the rotation of the magnetic white dwarf.
5.1 Introduction
White dwarfs (WD) have been shown to exhibit short-period variations since the mid-20th century,
when the first variable white dwarf, HL Tau 76 was observed to pulsate on a period of 12.5 minutes
in 1968 (Landolt, 1968). HL Tau 76 is now known as a white dwarf variable containing a hydrogen-
enriched atmosphere (DAV, or ZZ Ceti stars) and has since been observed to pulsate in multiple
modes (e.g. Dolez et al., 2006). Other variable WD stars include helium-dominated WDs (DBV,
or V777 Her), GW Vir WD with atmospheres that are rich in carbon, helium, and oxygen (DOV,
see Winget & Kepler, 2008; Althaus et al., 2010; Fontaine & Brassard, 2008, for detailed reviews
of pulsating WD), extremely low mass white dwarfs (ELMV, Hermes et al., 2012) and a new class
of white dwarfs that exhibit carbon-enriched atmospheres (“hot" DQ, Montgomery et al., 2008).
Although the variations observed in DAV and DBV can be attributed to non-radial gravity
wave pulsations, it has recently been shown that the origin of variations in hot DQ are likely due
to the rotation of the white dwarf (for e.g. Williams et al., 2016). As only eight carbon-enriched
white dwarfs (DQ) have so far been been observed to vary, it is important that more objects are
found and studied. Such research is can be used to test the proposed evolutionary channels of
(DQ) white dwarfs.
The typical cool DQ white dwarf exhibits neutral carbon or molecular C2 (Swan bands) in
its spectra, and a temperature below ∼13000 K (for e.g, Dufour et al., 2008). However, Liebert
et al. (2003) discovered a new class of DQ in the Sloan Digital Sky Survey (SDSS, Alam et al.,
2015) that exhibit neutral and/or ionized atomic Carbon lines in their spectra. Using this sample,
as well as another similarly hot DQ discovered by Williams et al. (2006), Dufour et al. (2007,
2008) found that these hot DQ WDs have carbon-dominated atmospheres, a carbon abundance
log (N(C)/N(He)) ≥ 1, and all inexplicably lie within a specific temperature range (18000K <
Teff < 24000 K). Furthermore, ∼70% of hot DQ have been found to be strongly magnetic with
magnetic field strengths ≥1 MG (Dufour et al., 2011; Williams et al., 2016).
Following the discovery of the first six variable hot DQ (Montgomery et al., 2008; Dunlap
et al., 2010; Barlow et al., 2008; Dufour et al., 2011; Lawrie et al., 2013), a seventh magnetic DQ,
namely
SDSS J103655.39+652252.2 (hereafter SDSS J1036+6522 , Williams et al., 2013), was discovered
at a cooler temperature and with a lower carbon abundance than that of the previously discovered
hot DQ (Teff ≈ 15500 K, log (N(C)/N(He)) = −1.0) . Thus, it is believed to be a “warm" DQ, in
a transition state from the hot DQ to a set of cooler helium-dominated DQ WD (Williams et al.,
2013).
In this paper, we present the discovery and initial follow-up observations of a second warm
DQ, OWJ175358.85-310728.9 (hereafter OWJ1753–3107) discovered in the OmegaWhite Survey
(Macfarlane et al., 2015). As this is the first DQ to be discovered outside the SDSS survey, in
Section 5.2 we discuss details of the discovery and describe the survey in which it was found.
We present photometric follow-up observations in Section 5.3 where we analyse the light curves
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Table 5.1: Target Properties for OWJ1753–3107: star ID; RA and Dec; OW Lomb Scargle period
(POW ), OW calibrated g-band magnitude (OWg), amplitude of OW light curve (AOW ),
VPHAS+ colour indices g − r and u − g. All instrumental magnitudes in OW are
calibrated using the AAVSO All-Sky Survey (Henden et al., 2012) to the standard
(Vega) scale.
Star ID OWJ175358.85–310728.9
RA (J2000) 17h53m58.85s
DEC (J2000) –31o07′28.9“
OWg 15.8 mag
POW 35.2 mins
AOW 2.6 %
VPHAS+ Colours, on standard (Vega) scale
u 14.40 ± 0.01
g 15.74 ± 0.01
r∗ 15.89 ± 0.01
i 15.80 ± 0.01
g − r –0.16 ± 0.01
u− g –1.34 ± 0.01
∗mean r-band colour obtained from
two separate VPHAS+ epochs
(Drew et al., 2014)
for periods and compare pulse shape properties spanning 2 years of observations. In Section 5.4,
spectral lines are identified in a high-resolution spectrum of OWJ1753–3107, and results from
the modelling of spectral lines are presented. Lastly, we discuss the nature of OWJ175358–31, as
well as the origin of variations, and the magnetic nature of OWJ1753–3107.
5.2 Discovery of DQ OW J1753–3107
The OmegaWhite (OW) Survey (Macfarlane et al., 2015; Toma et al., 2016) is a wide-field high-
cadence survey which aims to cover 400 square degrees of the Galactic Plane with g-band obser-
vations, reaching a depth of 21.5 mag. OW sources are cross-matched with the VST Photometric
Hα Survey of the Southern Galactic Plane (VPHAS+, Drew et al., 2014) in order to obtain
multi-band colour information. Furthermore, all instrumental magnitudes in OW are calibrated
to standard Vega magnitudes using the AAVSO All-Sky Survey (Henden et al., 2012). The aim
of the OW survey is to identify short-period variable systems, varying on timescales of minutes
to less than an hour, such as ultracompact binary star systems (UCB) and rare pulsating white
dwarf/subdwarf sources. Each square degree field is observed with 39-second exposures over a
2-hr duration (for a cadence of ∼3.5 mins), using OmegaCAM on the VLT Survey Telescope
(VST, Capaccioli & Schipani, 2011; Kuijken et al., 2002)
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Figure 5.1: g-band OmegaWhite light curve (upper left panel), finding chart (upper right panel),
and SpUpNIC-observed spectrum (lower panel) of the DQ OWJ1753–3107. The find-
ing chart is a 2′×2′ subframe of an OW reference frame, observed in the g-band. The
spectrum has been flux and wavelength calibrated. Dashed lines indicate important
spectral lines (as labelled), and shaded areas cover atmospheric telluric bands.
OWJ1753–3107 was initially selected for follow-up observations as it exhibited very blue
colours (g − r = –0.16, u − g = –1.34) and short-period variations (POW ≈ 35 mins) typi-
cally associated with AM CVn systems (see Table 5.1 for target properties). In Figure 5.1, we
show the OW light curve, along with a finding chart created using a subframe of the OW g-band
reference frame containing OWJ1753–3107.
Using the Spectrograph Upgrade – Newly Improved Cassegrain spectrograph (SpUpNIC,
Crause et al. in prep) on the SAAO 1.9-m telescope on 30 April 2016, we obtained two 1800-s
longslit exposures using a slit width of 1.5′′ with grating 7 for a dispersion of 2.8 Å/pixel across the
wavelength range (∼3500 Å – 8000 Å). The median-combined, flux-calibrated spectrum, shown
in Figure 5.1, reveals a blue continuum, along with evidence for absorption lines of C I, C II, He I
λ4471, and Hα. Furthermore, the presence of Zeeman split lines indicate that OWJ1753–3107
consists of a sufficiently strong magnetic field. Further photometric and spectroscopic observa-
tions of OWJ1753–3107 were carried out in order to precisely characterise the nature of this hot
DQ.
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Table 5.2: Photometric observing log with parameters: run identification name (Run Id), date of
observation (Date Obs.), time at the start of the observation (HJD0), the telescope
(Tel.), instrument (Instr.) and filter used, the number of pixels binned in each image
(binning), the length of each exposure (Exp. Time), and the duration of the observing
run (duration)
Run ID Date Obs. HJD0 Tel. Instr. Filter Binning Exp. Time Duration
(dd/mm/yyyy) (s) (hrs)
LC_OW 29/07/2014 2456867.9920 VST OmegaCAM g1 1x1 392 2.3
LC_SHOC_1 21/06/2015 2457195.3333 SAAO 1.9-m SHOC white light 6x6 5 3.0
LC_SHOC_2 16/05/2016 2457525.4137 SAAO 1.0-m SHOC white light 1x1 10, 15 6.4
LC_SHOC_3 08/06/2016 2457548.3247 SAAO 1.0-m SHOC B 2x2 30 7.9
LC_SHOC_4 12/06/2016 2457552.3227 SAAO 1.0-m SHOC B 2x2 60, 30 6.8
LC_SHOC_5 13/07/2016 2457583.4301 SAAO 1.0-m SHOC B 2x2 30 4.2
LC_SHOC_6 14/07/2016 2457584.2310 SAAO 1.0-m SHOC B 2x2 30 8.0
LC_SHOC_7 16/07/2016 2457586.3603 SAAO 1.0-m SHOC B 2x2 45 4.8
1OW magnitude in standard (Vega) system, 2with a cadence of ∼167 s
5.3 Photometric analysis
Seven high-cadence photometric observing runs of OWJ1753–3107 were conducted over two years:
during June 2015, May 2016, June 2016, and July 2016 using the Sutherland High-speed Optical
Cameras (SHOC, Coppejans et al., 2013) on the 1.0-m and 1.9-m South African Astronomical Ob-
servatory (SAAO) telescopes, located at the Sutherland Observatory in South Africa. The observ-
ing details of these photometric runs are listed in Table 5.2, and hereafter will be named LC_OW
(for the original OW observation), LC_SHOC_1, LC_SHOC_2, LC_SHOC_3, LC_SHOC_4,
LC_SHOC_5, LC_SHOC_6, and LC_SHOC_7 (in order of observation date, as indicated in Ta-
ble 5.2). All SHOC observations were obtained using a 1 MHz read-out speed and a pre-amplifier
gain of 2.4 (see Coppejans et al., 2013, for further details about the SHOC cameras).
The seven follow-up SHOC light curves are shown in Figure 5.2, either in 1-min bins
(LC_SHOC_1, LC_SHOC_2), or in 2-min bins (LC_SHOC_3 - LC_SHOC_7). The raw data
was reduced and light curves extracted using the standard IRAF routines (Tody, 1986, 1993),
including bias-subtraction, flat-fielding, and aperture photometry. Using the technique of differ-
ential photometry, the average light curve of three bright (stable) neighbouring stars was sub-
tracted from the target light curve in order to compensate for atmospheric effects during the
observing runs. Whereas LC_SHOC_1 and LC_SHOC_2 were observed without a filter, the
most recent runs, LC_SHOC_3 to LC_SHOC_7 , were observed using a blue filter (Bessell B).
Since OWJ1753–3107 is a bluer object than the majority of its neighbouring stars, it can be easily
identified in B filter fields. Furthermore, the runs using a B filter were relatively unaffected by
the changing airmass throughout the night, unlike the runs observed without a filter which were
heavily affected (airmass trends have been removed from the light curves shown in Figure 5.2).
This is due to second order colour terms between the target and the (redder) comparison stars.
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LC_SHOC_2; HJD0 = 2457525.4133; 16 May 2016
LC_SHOC_3; HJD0 = 2457548.3247; 8 June 2016
LC_SHOC_4; HJD0 = 2457552.3227; 12 June 2016
LC_SHOC_5; HJD0 = 2457583.4301; 13 July 2016
LC_SHOC_6; HJD0 = 2457584.2310; 14 July 2016
LC_SHOC_7; HJD0 = 2457586.3603; 16 July 2016
Figure 5.2: All follow-up light curves obtained for OWJ1753–3107, using SHOC cameras on ei-
ther the SAAO 1.0-m or 1.9-m telescopes. Data points in the light curves are either
in 1-min bins (LC_SHOC_1 and LC_SHOC_2) or in 2-min bins (LC_SHOC_3 -
LC_SHOC_7), and large trends due to changing airmasses have been removed. light
curves have been shifted in the y-axis for visualisation purposes, and are plotted from
top to bottom according to their chronological date of observation as labelled (HJD0
is the time at the start of each observation). LC_SHOC_1 and LC_SHOC_2 were
observed with no filter, and LC_SHOC_3 through to LC_SHOC_7 were observed
using a Bessel B filter. See Table 5.2 for the observation log.
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5.3 Photometric analysis
From visual inspection of the light curves in Figure 5.2, the original variations identified in the
OW light curve of OWJ1753–3107, fluctuating on a period of ∼35 mins, can clearly be seen on all
follow-up SHOC light curves. In the case of LC_SHOC_2, the observing conditions on the night
of 16 May 2016 were poor, which ultimately injected a false long-period variation of ∼174 mins
into the light curve (as shown in Figure 5.2). The non-validity of this period is further confirmed
as we do not observe it in the other long duration SHOC light curves. The amplitude of the light
curves in LC_SHOC_3 through to LC_SHOC_7 appear to be slightly larger than that of the
previous runs, but this is to be expected as the observations were made with two different filters
(see Table 5.3). In order to obtain better estimates on periods present in the light curves, we
obtained photometric variability parameters using the VARTOOLS package (Hartman et al., 2008)
on the follow-up observations. These parameters include the period corresponding to the peak
Lomb Scargle (LS) Power spectrum (PLS).
A period of ∼35 mins corresponding to the peak power is confirmed in the LS power spectrum
of each SHOC light curve, as shown in Figure 5.3 (after the non-valid 174-min period is removed
from LC_SHOC_2). The LS periods are listed, with errors, in Table 5.3. We do not find any
significant peaks above 100 cycles/day and, although there are a few other smaller peaks in the
power spectrum, they are not featured in every spectrum as is the case of the overwhelming peak
period. Thus, we consider the possibility that OWJ1753–3107 varies on a single-mode period
of ∼35 mins. Furthermore, this period has remained approximately constant from the first OW
observation in July 2014, to two years later with the LC_SHOC_7 run in July 2016.
In order to test the accuracy of the period and the single-period model, we folded each light
curve on their respective PLS , as shown in Figure 5.3 in 2-min bins for visualisation purposes. We
overlay each folded light curve with a single-mode sinusoidal curve using parameters determined
through VARTOOLS, and a simple sinusoidal model of the form:
f(t) = Acos(ωt + ψ)
where f(t) is the model light curve flux as a function of time t, ω is the frequency associated
with the peak LS periodogram power, A is the amplitude of the model light curve, and ψ gives
the phase of the rotation at the moment of observation.
The fitting parameters for the light curve of each observing run (including LC_OW) is listed
in Table 5.3. In all SHOC light curves, the folded data appears to agree well with a single-mode
sinusoidal model fit, having median residual values between 0.2 % and 1.6 % (see Table 5.3).
The small unexpected scatter seen in LC_SHOC_2 is due to poor atmospheric conditions during
the observing run. The ephemeris is found to be HJD_min = 2457548.31942 + 0.0246841 (2)
E. Furthermore, by combining the five B filter runs (LC_SHOC_3 - LC_SHOC_7), we find
OWJ1753–3107 exhibits a single-mode frequency of 4.68887 (3) × 10−4 Hz, corresponding to
35.5452 (2) min.
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Figure 5.3: Lomb Scargle power spectrum (left panels) and folded light curves (right panels) of
the seven follow-up SHOC runs on OWJ1753–3107. In all panels, observing runs are
labelled as indicated in Table 5.2. The power spectrum shows the non-normalised
Lomb Scargle periodogram power on the y-axis, and frequency in cycles per day on
the x-axis. The light curves (right panels) are folded on the period of the peak power
shown in their respective spectrum (and in Table 5.3), and are in 2-min bins. A single-
period sinusoidal model is fit to each of the folded light curves. The data has been
observed with either no filter (LC_SHOC_1, LC_SHOC_2) or in B (LC_SHOC_3
- LC_SHOC_7).
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Table 5.3: Peak Lomb Scargle periodogram period (PLS) with error, and sinusoidal fitting
parameters∗ for all photometric runs on OWJ1753–3107, including the peak frequency
in the power spectrum (f), the amplitude of the peak frequency in the power spectrum
(A), and the phase of the fitted light curve (ψ). Also shown is the median residual of
the model fit to the folded light curve data (residmedian), shown in Figure 5.3.
RunID PLS f A ψ residmedian
(mins) (cycles/day) (%) (rad) (%)
LC_OW 35.3 ± 3.9 0.0245 1.3 0.09 0.5
LC_SHOC_1 35.3 ± 3.3 0.0245 1.0 –1.18 0.2
LC_SHOC_2 35.5 ± 1.4 0.0247 1.4 0.23 0.9
LC_SHOC_3 35.6 ± 1.3 0.0247 1.9 1.34 1.6
LC_SHOC_4 35.7 ± 1.4 0.0248 1.9 1.30 1.0
LC_SHOC_5 35.6 ± 2.1 0.0247 2.2 2.55 0.7
LC_SHOC_6 35.6 ± 1.2 0.0247 2.1 2.13 0.7
LC_SHOC_7 35.5 ± 2.0 0.0247 1.9 0.61 1.0
∗sinusoidal model fit, see Section 5.3 for model
description.
Table 5.4: Spectroscopic observing log, including the following parameters: date of observation
(Date Obs.), time at the start of the observation (HJD0), the telescope (Tel.), instru-
ment (Instr.) and mode used, the grating (Gr.) and grating angle (Gr. Angle) used,
the slit width, and the length of each exposure (Exp. Time).
Date HJD0 Tel. Instr. Mode Gr. Gr. Slit Exp.
Obs. Angle Width Time
(dd/mm/yyyy) (o) (“) (s)
30/04/2016 2457509.4982 SAAO 1.0-m SpUpNIC longslit gr7 17.4 1.8 2 × 1800
15/05/2016 2457540.4526 SALT RSS longslit pg1300 18.88 1.5 3 × 720
01/06/2016 2457540.9525 Keck II ESI echellete 1 7 × 240, 12 × 180
5.4 Spectroscopic analysis
The spectrum of OW1753–3107, as shown in Figure 5.1 and discussed in Section 5.2, reveals clear
evidence for carbon and helium, which is very similar in appearance to the spectrum exhibited
by the first warm DQ SDSS J1036+6522 (Williams et al., 2013). Hence, we are able to fit the
spectral features exhibited by OW1753–3107 using an adaptation of the model that was applied to
SDSS J1036+6522 by Williams et al. (2013). Fitting the spectral features allow us to obtain better
estimates of the physical properties of OW1753–3107, including the temperature (Teff), surface
gravity (g), magnetic field strength (Bz), and carbon abundance (N(C)/N(He)). Furthermore, we
obtained high resolution spectra for precise spectral line identification purposes. Details of the
three spectroscopic follow-up observing runs are shown in Table 5.4, and are discussed in detail
in Section 4.1 and Section 4.2.
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Figure 5.4: Average spectrum of OW1753–3107, observed using the echelle mode on the ESI
instrument on the Keck telescope. The spectrum has been Gaussian-smoothed and is
continuum-normalised. Spectral lines have been labelled.
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5.4 Spectroscopic analysis
5.4.1 Spectral line identification
In order to precisely identify any absorption lines shown in the spectrum of OW1753–3107, we
obtained 19 3-min or 4-min spectra using the Echelette Spectrograph and Imager instrument (ESI,
Sheinis et al., 2002) located on the Keck II telescope. Exposures were taken in echellette mode,
with a slitwidth of 1“, and the spectra were reduced and extracted using the MAKEE1 pipeline.
A wavelength solution was found for the spectra by calibrating with HgNeXeCuAr arcs, and
instrumental flexure was corrected for using CuAr arcs observed at the start of the night.
The average-combined and continuum-normalised spectrum is shown in Figure 5.4, with all
prominent absorption lines identified and labelled. The spectrum is the combination of the 10
orders on the CCD, which, when combined, span the entire wavelength range. This can cause
relatively higher noise levels where the orders have been stitched together, as shown in the region
around ∼4500 Å. In the spectrum, we are able to make out clear Zeeman-split lines of C I and C II.
There is also evidence for the Hα and Hβ lines identified in the SpUpNIC spectrum (Figure 5.1).
However, there is no apparent evidence for the He I λ4471 broad absorption dip that was present
in the SpUpNIC spectrum. This is likely a consequence of the continuum fit to the individual
orders.
5.4.2 Spectral line fitting
For spectral modelling, we obtained higher resolution spectra of OW1753–3107 using the Robert
Stobie Spectrograph (RSS, Kobulnicky et al., 2003) on the 10-m Southern African Large Telescope
(SALT Buckley et al., 2006). As shown in the spectroscopic observing log in Table 5.4, three 12-
min exposures were made using the RSS in long-slit mode, with a 1.5“ slit width. Furthermore,
the grating pg1300 was used with a grating angle of 18.88o, providing a wavelength range of
3898 Å - 5981 Å with a wavelength sampling of ∼1.5 pixels/Å. The spectra was processed and
extracted using standard IRAF (Tody, 1986, 1993) and PYSALT (Crawford et al., 2010) routines,
and L.A.Cosmic software (for cosmic ray reductions, van Dokkum, 2001). A CuAr arc was used
for wavelength calibration, and a spectrum of the standard star LTT 4364 was compared with for
flux calibration.
The average combined SALT spectrum is shown in Figure 5.5. To this spectrum, we fit an
adaptation of the LTE model atmospheres used in Williams et al. (2013), using line splitting
calculated in the Paschen-Back regime to form a grid of model atmospheres that consist of both
helium and carbon. The model makes the assumptions that a) the magnetic field does not affect
the thermodynamic structure, b) the target is undergoing normal radiative transfer, and c) Bz is
uniform over the surface of the star. See Williams et al. (2013) for a detailed description of this
model.
Using a non-linear least-squares routine, a best-fit solution is found for the spectra, as shown
in Figure 5.5. From visual inspection, the model manages to correctly replicate the line strengths
of almost all the spectral features within this wavelength range. However, there appears to be
large scale discrepancies between the spectral data and the model fit (around the 4340 Å and
4900 Å regions), which is likely due to line list calibration issues. Furthermore, the model does
1http://www.astro.caltech.edu/ tb/makee/
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Figure 5.5: Average-combined and normalised SALT spectrum of OW1753–3107 (black line), with
the best-fit model spectra overlain (red line). The physical properties, including the
temperature (Teff), surface gravity (g), magnetic field strength (Bz), and carbon abun-
dance (N(C)/N(He)) determined from the model fit are indicated. The model line
strengths of the central C I lines around 4900 Å, 4340 Å and He I λ4471 are in agree-
ment with the spectral data. However the model does not fit several large-scale dips
across the spectrum due to line list calibration issues.
not take into account any hydrogen in the atmosphere, and thus the possible Hβ absorption line
(at 4861 Å) has not been fit. The values of Teff , g, Bz, and N(C)/N(He), used to formulated the
best fit model, are found as follows:
• A magnetic field strength of Bz = 2.1 MG is determined by measuring the separation
between the line components of the magnetically split C I triplet at 5380 Å.
• The broad He I λ4471 dip is used to calculate the carbon abundance, where
log (N(C)/N(He)) = –0.5
• The best fit model solution gives a temperature of Teff = 15940 K, and a surface gravity of
log (g) = 8.5
Although the line strengths are generally well reproduced by the model, further modelling of
improved spectra should provide more accurate estimates of the physical properties, which in turn
can be used to find the mass of the target. In Figure 5.6, we compare the VPHAS+ photometry
obtained for OW1753–3107 with photometry calculated from filter response curves folded to the
best-fit model spectra. This shows us that the model data agrees with the VPHAS+ photometry
to within 3σ error bars.
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Figure 5.6: Comparison of the average fluxes (red circles) obtained from the best fit spectral
model, and the fluxes from u−,g−, r− and i−band VPHAS+ colours (error bars) for
the DQ OW1753–3107. The best-fit model is shown in Figure 5.5.
5.5 Discussion
The photometric and spectroscopic features of OW1753–3107 reveal it is a warm carbon-enriched
DQ. Indeed, it can be considered a twin of the first warm DQ SDSS J1036+6522, but varying
on a longer period and with a higher carbon abundance (see Table 5.5 for a comparison of the
properties between these two warm DQ). In the following sections, we look at the similarities and
differences between these two warm DQ, and discuss some key questions in warm and hot DQ
research, namely a) what is the nature of OW1753–3107, and what does this imply for current
theorised evolutionary channels?, b) what is the origin of the observed variations?, and c) what
does the magnetic nature of the system imply?
5.5.1 Nature of the system
The high abundance of carbon derived from the modelled atmospheres of hot DQ, along with such
a constrained temperature range can be explained by the progenitor and evolutionary channel
model proposed by Dufour et al. (2008). The carbon abundance observed in these sources are
akin to those seen in massive PG1159 stars, such as H1054+65 (e.g., Werner et al., 2004) and RX
J0439.8-6809 (Werner & Rauch, 2015). Both of these massive WD are extremely hot (Teff > 200000
K) and consist of atmospheres rich in carbon and oxygen. Their hydrogen and helium-deficient
atmospheres are believed to be the result of a very late and violent thermal pulse during the
post-asymptotic-giant-branch phase which destroys most of the H/He envelope. As the residual
wind from this violent phase fades, gravitational settling causes the remaining helium, carbon and
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Table 5.5: Comparison of the physical properties of the two warm DQ: OW1753–3107 and
SDSS J1036+6522. Properties include: the effective temperature (Teff), surface gravity
(log (g)), magnetic field strength (Bz), carbon abundance (log (N(C)/N(He))), period
(P) and amplitude (A) of mono-periodic variations, and g-band magnitude (in Vega
colour system).
Property OW1753–3107 SDSS J1036+6522
Teff (K) 15940 15500
log (g) 8.5 9.0
log (N(C)/N(He)) –0.5 –1.0
Bz (MG) 2.1 3.0
P (mins) 35.5 18.6
A (%) 1.3 0.4
g (mag) 15.74 18.58
oxygen to separate, and the helium to form a thin shell surrounding the carbon-enriched mantle.
The He atmosphere WD (with spectral type DB, Teff ≈ 25000 K) then cools down further and a
convection zone in the carbon layer forms, causing the carbon to start to diffuse into the outer
helium layer. The object is now a carbon-enriched hot DQ WD, with a temperature that is in
the 18000 K to 24000 K range and a carbon abundance of log (N(C)/N(He)) > 1. The hot DQ
will then continue to cool as helium begins to resurface and, thus, it will transition via a “warm"
DQ phase into a second sequence of helium-enriched cool DQ WD.
The relatively low temperature and carbon abundance of OW1753–3107 suggest it indeed
resides in this transition state. Similarly to SDSS J1036+6522, the temperature of OW1753–3107
(Teff = 15940 K) is lower than the expected temperature range of hot DQ. In Table 5.6, we
compare the colours (in the Vega magnitude system 2) of OW1753–3107 to other known warm
and hot DQ, and show their location in colour-colour space in Figure 5.7. Firstly, we can see
from this table, that OW1753–3107 is brighter by more than 2 magnitude in u, g, r, and i colour
bands. Secondly, the u − g and g − r colours of OW1753–3107 appears consistent with other
warm and hot DQ. This can also be seen in Figure 5.7. Although the r − i of our target appears
relatively higher, this is possibly due to Galactic reddening as OW1753–3107 is located towards
the Galactic Bulge. From Figure 5.7, it appears that the known sample of warm and hot DQ are
located in a specific region of colour-colour space, implying that colour cuts can be applied to
surveys such as OW in order to improve the future detection of new warm and hot DQ. However,
with the current sample of these DQ, we are not yet able to confirm if warm and hot DQ can’t
be differentiated based on their location in colour-colour space.
5.5.2 The origin of variations
One of the leading questions in hot DQ research concerns the origin of the observed variations.
Early predictions by Montgomery et al. (2008) and Fontaine & Brassard (2008) suggested that
some hot DQ would be unstable to non-radial pulsations, which lead to the first discovery of
2Colours of the SDSS DQ are given in the AB magnitude system, and were thus transformed onto the Vega
System using the equations of Blanton & Roweis (2007)
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Table 5.6: Colour properties of the eight warm and hot DQ (in Vega colour system). AB colours
(for SDSS objects) have been calibrated to the Vega colour system using the equations
of Blanton & Roweis (2007).
Star ID u g r i u− g g − r r − i
(mag) (mag) (mag) (mag) (mag) (mag) (mag)
Hot DQ
SDSS J142625.70+575218.4 17.85 19.22 19.38 19.59 –1.37 –0.16 –0.21
SDSS J220029.08–074121.5 16.39 17.82 18.00 18.11 –1.44 –0.17 –0.11
SDSS J234843.30–094245.3 17.79 19.09 19.25 19.35 –1.29 –0.17 –0.10
SDSS J133710.19–002643.6 17.31 18.71 18.98 19.07 –1.40 –0.27 –0.09
SDSS J115305.54+005646.2 17.47 18.97 19.17 19.28 –1.51 –0.20 –0.11
SDSS J000555.90–100213.5 16.42 17.77 17.96 18.10 –1.35 –0.19 –0.15
Warm DQ
SDSS J103655.38+652252.0 17.39 18.58 18.68 18.78 –1.19 –0.10 –0.10
OWJ175358.85–310728.9 14.40 15.74 15.89 15.80 –1.34 –0.16 0.09
Figure 5.7: Distribution of all eight warm and hot DQ in u − g vs g − r space. We overlay the
Main Sequence (MS) track, created using synthetic colours provided by Drew et al.
(2014) for Rv=3.1 and extinction coefficient A0 = 0, indicated by ‘Drew MS’. DA
and DB tracks are shown, using synthetic colour colour tracks with surface gravities
of log (g) = 8.0 provided by Raddi et al. (2016). All colours are in the standard
(Vega) system, and are listed in Table 5.6. All eight DQ, including our new discovery
OW1753–3107, are labelled.
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variability in a hot DQ in SDSS J1425+5652 (Montgomery et al., 2008).
The variations observed in the first five hot DQ, all with periods under 20 minutes, were originally
attributed to non-radial pulsations, perhaps in analogy to large-amplitude rapidly oscillating A
stars (Dufour et al., 2009, 2011). However, the detection of a longer-period variation of 2.1 days
in the sixth discovered hot DQ SDSS J0005–1002 (with no evidence of a shorter period) was
attributed to the rotation of a magnetic white dwarf (Lawrie et al., 2013). Indeed, rapid rotation
of the WD has now been proposed as the leading theory to explain the observed variations in
hot DQ (Williams et al., 2016), supported by the apparent evidence that most hot DQ only
exhibit single-mode variations (with related harmonics), as opposed to the multi-mode variations
observed in pulsating WD. Although rotational periods are typically on the scale of hours to days,
rotational periods as short as 10s of minutes have been observed in some white dwarfs (for e.g.,
the 12-min rotations observed in the white dwarf RE J0317-853, Barstow et al., 1995).
Since this rotation theory has be been used to explain the 18.6-min variations seen in the
warm DQ SDSS J1036+6522 (Williams et al., 2013), we can similarly use it as an explanation
for the 35-min variations observed in OW1753–3107. However, as both warm DQ are at a lower
temperature than hot DQ and are thus theorised to be in a transition state, the source of the
variations may be different to that of the other hot DQs (as suggested by Williams et al. (2013)
for the variations observed in SDSS J1036+6522). Furthermore, unlike the short-period (under 20
minute) or 2.1 day variations of other DQ, OW1753–3107 exhibits variations on a single period
of ∼35 mins, with no evidence for other shorter or longer periods. Thus, it is likely the variations
are not due to pulsations, but rather to the rotation of a magnetic white dwarf.
5.5.3 Magnetic behaviour
Close to 70% of hot DQ have been found to be strongly magnetic with magnetic field strengths
Bz > 1 MG. The magnetic nature of some of the warm and hot DQ is also evident in the Zeeman
splitting of their spectral lines (as in OW1753–3107, see Figure 5.1). By modelling these spectral
features and measuring the degree of separation in the split carbon lines, Williams et al. (2013)
were able to detect a magnetic field strength in SDSS J1036+6522 of 3.0 ± 0.2 MG. Similarly,
the Zeeman split carbon lines exhibited by OW1753–3107 were used to calculate a magnetic field
strength of Bz = 2.1 MG.
It has been previously suggested that the observed non-linearities in the light curve pulse shape
of some hot DQ may be related to the presence of a strong magnetic field (e.g. Green et al., 2009).
For example, the non-magnetic DQ SDSS J2348–0942 exhibits a sinusoidal pulse shape, whereas
the DQ SDSS J2200–0741 exhibits non-sinusoidal variations (due to the presence of harmonics)
and is strongly magnetic. However, SDSS J1036+6522 contradicts this theory, as it is strongly
magnetic, yet exhibits sinusoidal pulse shapes (Williams et al., 2016). As the photometric analysis
in this paper shows, OW1753–3107 is also highly magnetic, and similarly shows a clear sinusoidal
pulse shape, unchanging over 2 years. Thus, this is further evidence against a non-linear pulse
shape and magnetic field strength relationship.
This model of magneto-rotational variations can be addressed using high-resolution phase-
resolved spectropolarimetry. We expect the degree of linear polarisation to strongly change when
the magnetic field poles rotate into/out of the line of sight.
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5.6 Conclusions
In this paper, we present details of a new warm DQ OW1753–3107, discovered in the OmegaWhite
Survey. Here we summarise the main results of our photometric and spectroscopic analysis:
• OW1753–3107 exhibits variations on a dominant period of 35.5452 (2) mins, with no clear
evidence for harmonics or other non-related periods. A single-sinusoidal model provided a
good fit for all follow-up light curves. Furthermore, the 35-min period has remained constant
over a 2-year span from 2014 to 2016.
• The follow-up spectra of OW1753–3107 reveal strong evidence for C I and C II lines in
absorption, along with a broad He I λ4471 dip and possible hydrogen absorption lines. With
the exception of the hydrogen features, it is very similar in appearance to the spectrum of
the warm DQ SDSS J1036+6522.
• OW1753–3107 has a temperature of Teff = 15940 K, and a carbon abundance of
log (N(C)/N(He)) = –0.5. As in the case of SDSS J1036+6522, these values are lower
than those of known hot DQ. Thus, OW1753–3107 can be considered to be a warm DQ,
believed to exist in a transition state between the warm carbon-enriched DQ and cooler
helium-dominant DQ.
• The current sample of known DQ appear to reside in a distinct region of colour-colour space.
However it is currently not possible to differentiate between hot DQs and warm DQs using
their location in this plane.
• The mean magnetic field strength of OW1753–3107 is Bz =2.1 MG, lower than that of
SDSS J1036+6522. The sinusoidal pulse shape of OW1753–3107 provides further evidence
to suggest that there is no relationship between non-linearities in the pulse shape of warm
and hot DQ and their magnetic field strength.
• The origin of the 35-min variation seen in OW1753–3107 is currently believed to be due
to the rotation of the white dwarf. A pulsational model has been ruled out since there
is no evidence for multi-mode variations, and the period is longer than expected from the
pulsational periods observed in other white dwarfs. Furthermore, there is no evidence of
the emission lines in its spectrum that would indicate it is an interacting binary star system
undergoing accretion.
• Dedicated surveys are needed in order to increase and characterise the known population
of hot and warm DQ. This will help to answer the most pressing questions in this research
field, such as the origin of the variations and the type of evolutionary channels DQ may
follow.
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Summary & Conclusions
In this Thesis, details of the OmegaWhite (OW) Survey are presented, including results from
the first 4.5 years of operations since observations began in December 2011. OW is a wide-field
high-cadence survey aiming to cover 400 deg2 along the Galactic plane to a depth of g ≈ 21.5
(10 σ). The aim of the survey is to increase and characterise Galactic populations of short-
period variable sources that exhibit optical variations on timescales of minutes to under an hour,
specifically targeting short-period ultracompact binary star systems (UCB) that vary on periods
under 40 mins. By characterising the population of UCBs along with their individual physical
properties at this short-period range, we can achieve a better understanding of the population as
a whole. This can, in turn, improve our knowledge of late-stage binary evolutionary channels.
Variable selection routines
The main aim of the OW survey is to increase and characterise the Galactic population of AM
CVn binary star systems with periods under 40 mins. Since the RATS project had a similar
observing strategy and UCB detection goal, the OW processing pipeline is an adaptation of the
RATs pipeline.
The OW pipeline, as detailed in Chapter 2, uses DIAPL2 software for difference imaging,
which has proven to be successful in extracting photometry from all OW fields, including crowded
Galactic Bulge fields. The resultant light curves were detrended using the SYSREM algorithm, and
the magnitude of each star was calibrated to the standard (Vega) system by cross-calibrating the
reference image for each field with the APASS g-band all-sky catalogue. In order to compensate
for false-positive detections, a 3-stage automatic flagging routine was developed. In this routine,
stars are flagged if: a) they were close to either the detector edge or bad pixels, b) they were
close to saturated stars, or c) they had a high local background. In certain cases, sources were
additionally flagged manually after visual inspection of their light curves, power spectra and
location on the detector. Saturated stars in the OW fields caused diffraction spikes which shifted
over the 2-hr duration of the observation due to the alt-azimuth mounting of the VST. This causes
spurious modulations in the light curves of targets that were in the path of the diffraction spikes,
as discussed in Chapter 3. Since this effect is still being noticed in some of the variable candidates
that have already passed the flagging stage, the flagging routines are being revised in order to
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minimise the false-positive detections.
The light curves from all sources that pass the flagging routines, are run through the VARTOOLS
package in order to determine their photometric variability parameters, such as the Lomb Scargle
period (PLS), the False Alarm Probability (FAP), and the Analysis of Variance (AoV). As a first
step, short-period variables were selected for potential follow-up observations if a) their PLS <
45 mins (although longer period systems have also been considered for very blue systems), b)
log10(FAP)<–2.5, and c) they were part of a specific MAD sample of variables. As discussed
in the second Chapter of this Thesis, the distribution of variable sources was found to vary for
several light curve properties depending on the number of MAD iterations used in the processing
pipeline. Ultimately, it was found that MAD5 (i.e MAD with n = 5) is the most appropriate
starting point to detect short-period variables exhibiting variations on periods under 20 mins
(as UCBs are intrinsically rare in this period range), and that MAD10 should be used to detect
short-period variables with periods longer than 20 mins.
In Chapter 4, the validity of the PLS determined in the OW pipeline is confirmed. This is be-
cause the period determined from high-cadence photometric follow-up observations for numerous
targets are, on average, within 5% of their respective PLS . Of the 27 follow-up targets presented in
Chapter 4, 23 of them exhibit SHOC light curves that closely resemble their respective OW light
curves (the light curves of the other four were affected by extenuating circumstances, such as poor
observing conditions). These follow-up observations indicate that once the flagging/verification
stages have been applied to the OW dataset, the resulting sample of variables is robust and, thus,
the resulting false positive rate in future follow-up observations is expected to be low. Once the
OW pipeline and variable selection routines had been successfully applied to 26 deg2 of OW data
from the first 6 months of operations (as shown in Chapter 2), they were applied to the first 4
years of OW data, covering 135 deg2 (see Chapter 3 for results and analysis).
The search for Ultracompact Binary Star Systems
By cross-matching the MAD5 sample of variables with VPHAS+ sources, 39 very blue sources
were identified with u−g < 0.0, of which only 17 were not affected by diffraction spikes from nearby
bright stars. Of these sources, four were prime UCB candidates having periods under 40 mins.
Through follow-up observations, we have successfully confirmed the UCB nature of one of them so
far, namely OWJ074106.1–294811.0 (hereafter OWJ0741–2948). OWJ0741–2948 was originally
selected in the initial 26 deg2 of OW data for follow-up observations as it exhibited the light curve
and colour properties typically associated with known AM CVn systems (PLS = 22.6 minutes,
u–g = –1.25 mag). However, low resolution SALT spectra, as shown in Chapter 2, revealed weak
Balmer absorption lines prompting a preliminary classification of a pulsating subdwarf. After
dedicated high-resolution spectral follow-up, it has now been confirmed as a rare UCB containing
a subdwarf O/B star and a compact companion, orbiting on a period of ∼44 mins. Such an
intriguing target can help us to gain a better understanding of binary evolution, the details
of which will be presented in a future paper by Kupfer et al (in prep). Another of the UCB
candidates, OWJ175358.8–310728.9 (hereafter OWJ1753–3107), was found to be a rare carbon-
enriched DQ white dwarf that is varying on a period of ∼35 minutes. The spectrum of this
target shows neutral/ionised carbon absorption lines that are Zeeman split, indicative of a strong
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magnetic field. Its spectrum closely resembles the spectrum of the first known so called “warm”
DQ, the white dwarf SDSS J1036+6522, but with a longer variation period. OWJ1753–3107 is
likely to be only the second known warm DQ, believed to be in a transition state where hot DQ
cool, begin to show helium in their atmosphere, and start to evolve into the second sequence of
cooler DQ. The observed variations possibly originate from the rotation of the white dwarf, as
only one periodic mode is observed (pulsators typically exhibit multi-mode osculations), and the
period is unusually long for non-radial pulsations. This target is discussed in detail in Chapter 5.
At the start of OW survey operations, towards the end of 2011, we believed we would be
able to double the known number of AM CVn systems over the course of the OW survey (from
the 32 known then to greater than 70 systems) according to space density estimates at the time.
However, in the 134 deg2 processed in detail so far, only one short-period UCB has been detected
containing a subdwarf O/B star and a hidden compact companion. We have yet to properly
explore the reasons for the lack of UCB detections. However, one major contributing factor is
that we only have colour coverage for around a third of the OW sources, and so far, our follow-up
target selection has been heavily weighted towards targets that have multi-band colour information
(as UCBs are known to exist in a distinct region of colour-colour space). We plan to determine
the space density of UCBs, and AM CVn in the OW footprint in detail once we have data from
the full 400 deg2, and have more VPHAS+ colour coverage.
Variable populations in the OmegaWhite Survey
As an exciting byproduct in our search for the elusive short-period AM CVn systems, OW has
proven very successful in discovering rare and intriguing objects whose variations originate from
a variety of physical phenomena. Not only can these OW observations help to improve space
density estimations and population statistics for each of the observed variable groups, detailed
follow-up observations of individual targets will allow us to gain a better understanding of the
physical phenomena causing the variations. For example, detailed follow-up observations of the
multi-mode pulsations exhibited by pulsating stars can be used to understand their interior and
atmospheric structures through asteroseismology research.
In Chapter 3 and 4, some of the interesting sources discovered in the OW survey and the
populations they belong to are discussed. Here, I highlight some of these discoveries:
• Subdwarf B pulsating stars: The target OWJ075305–301208 exhibited particularly blue
colours with u−g =–0.74 and g−r = 0.46. Spectral follow-up revealed the strong hydrogen
and helium absorption lines typically associated with early B-type stars. As this target also
exhibits a long period variation of ∼102 mins, it is likely to be a slow or hybrid subdwarf B
star.
• Pulsating white dwarfs: both OWJ075719–292955 and OWJ075436–304655 exhibit the
blue colours associated with AM CVn. However the spectra of these targets revealed broad
hydrogen absorption lines. Thus, implying these two systems are pulsating hydrogen-rich
white dwarf candidates (DAV white dwarfs, or ZZ Ceti)
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• Accreting binaries: Three of the 17 blue sources presented in Chapter 3 are candidate accret-
ing binaries, with colours indicative of Hα in emission. One of these binaries, OWJ174903–
243720, varies on a period of 55.6 mins and exhibits a large magnitude difference between
its OW and VPHAS+ g-band colours, implying it is a possible outbursting helium-rich CV.
The accreting binary, OWJ080311–291144, is found to exhibit eclipses with durations that
may indicate the binary resides in the 2 – 3 hour CV orbital period gap.
• Non-interacting binary systems: AoV tests on the OW data allows for the detection of
numerous long-period and/or eclipsing systems, some of which are presented in Chapter 3.
One such AoV-identified system is OWJ081013–213828. This short-period binary system
is believed to be non-interacting and exhibits two clear primary eclipses and one shallower
secondary eclipse.
• Systems with pre-existing information: By cross-matching the MAD5 sample with the SIM-
BAD database, a number of OW variables were found to have pre–existing information.
This includes an Intermediate Polar candidate, a nova candidate, a potential central star
of a planetary nebulae, and two symbiotic binaries. Since the OW period of the symbiotic
binary OWJ181044–275750 (Hen 2–357) can be confirmed through aperture photometry
on the source, this may indicate the white dwarf is rotating and is therefore magnetic. In
Chapter 4, the nature of the two symbiotic binary systems are confirmed through spectro-
scopic follow-up. The spectra additionally reveals that both symbiotics are surrounded by
a nebulous shell.
• Unusual characteristics: One source (OWJ175848–271653) exhibits the light curve of a δ Sct,
but high-cadence SHOC observations revealed a dip feature at points of peak brightness in
the pulsational cycle. This dip feature, never before seen in δ Sct, is reminiscent of an effect
seen in Cepheids that is attributed to opacity/ionization changes. However, spectrographic
follow-up of this target reveals the spectral features of a B-type star and not that of a δ Sct.
From SpUpNIC spectroscopy on 57 OW variables (presented in Chapter 4), the majority are
found to exhibit A or F-type stellar features, and are thus likely to be δ Sct-type pulsators. Since
these δ Sct lie within certain regions of period-amplitude, period-magnitude and colour-colour
space, the physical properties of this sample can be used to identify other potential δ Sct within
the OW survey. This is discussed in Chapter 3, where a sample of candidate δ Sct stars is identified
using the MAD10 variable sample and VPHAS+ colours consistent with A/F type stars. This
sample allows us to make detailed population studies of δ Sct in the OW footprint of the Galactic
plane, which will in turn allow us to improve estimates of constraints on the physical properties
of these pulsators, such as period and amplitude. For example, one of the δ Sct in the MAD10
OW sample has a period of 9.3 mins, which is potentially the shortest period detected in a δ Sct
star to-date.
Although the variable selection routines have not been optimised for the detection of transient
events or eclipsing systems as of yet, a number of eclipsing systems have been identified in the OW
Survey that indicate it is possible to detect these rare events with the observing strategy of OW.
In Chapter 3, the AoV test is discussed including how it is used to detect a number of eclipsing and
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long-period systems. We will continue to develop these detection tools so that in future we can
make dedicated searches for transient events within the OW survey. This is especially useful as a
testbed for upcoming transient surveys such as the MeerLICHT Survey. The MeerLICHT project
aims to provide the optical counterpart to radio observations obtained for the ThunderKAT
transient survey using MeerKAT telescopes (which is the precursor radio telescope array to the
SKA in South Africa). As the observing strategies are similar, MeerLICHT has been successfully
able to utilise OW data as example fields in their transient detection pipelines. The results of
this research will be presented in future papers.
Future of the survey
So far, approximately half of the OW Survey (204 deg2) has been observed in 4.5 years. ESO
Semester P97 is currently underway, with a possible 56 deg2 to come. Additionally, we have been
allocated a further 64 deg2 for semester P98. Thus we are well on our way to reaching our goal
of 400 deg2. In addition to discovering a unique and exciting UCB, we have discovered a wealth
of rare and intriguing variable targets that have the potential to greatly advance their respective
fields of research. Therefore, as we delve into the next phase of the OW Survey, we expect to
discover and characterise many new astrophysically interesting systems while further unveiling
population characteristics of short-period variables in the Galactic plane.
Acknowledgements
The authors gratefully acknowledge funding from the Erasmus Mundus Programme SAPIENT,
the National Research Foundation of South Africa (NRF), the Nederlandse Organisatie voor
Wetenschappelijk Onderzoek (the Dutch Organisation for Science Research), Radboud University,
the University of Cape Town. Armagh Observatory is core funded by the Northern Ireland Exec-
utive. Futhermore, this research is supported by the NWO/NRF Bilateral agreement supporting
astronomical research. The ESO observations used in this paper are based on observations made
with ESO Telescopes at the La Silla Paranal Observatory under programme IDs: 088.D-4010(B),
090.D-0703(A), 090.D-0703(B), 091.D-0716(A), 091.D-0716(B), 092.D-0853(B), 093.D-0937(A),
093.D-0753(A), 094.D-0502(A), and 094.D-0502(B) as part of the Dutch GTO time on Omega-
CAM, and 177.D-3023 (VPHAS+). This paper uses observations made at the South African
Astronomical Observatory (SAAO). Some of the observations reported in this paper were ob-
tained with the Southern African Large Telescope(SALT) under programs 2014-2-SCI-030 and
2015-2-SCI-035 (PI: Sally Macfarlane). This research has made use of the SIMBAD database,
operated at CDS, Strasbourg, France. Also, this research was made possible through the use of
the AAVSO Photometric All-Sky Survey (APASS), funded by the Robert Martin Ayers Sciences
Fund. We thank Sterl Phinney for the stimulating discussions on the Bump Cepheid phenom-
ena. Furthermore, we thank Thomas Kupfer and the anonymous referees for the useful comments
which have helped to improve the papers. Our co-author, Darragh O’Donoghue, died on 25 June
2015 leaving a huge legacy at the SAAO including providing the optical design for the SpUpNIC
spectrograph.
129

Samenvatting
In dit proefschrift worden de details van de OmegaWhite (OW) Survey gepresenteerd. Het bevat
o.a. de resultaten van de eerste 4,5 jaar van het OW project, waarvan de waarnemingen begonnen
zijn in December 2011. OW is een “high-cadence” (hoog-frequente) survey die ongeveer 400
vierkante graad beslaat langs het Galactisch vlak. De survey heeft een gevoeligheid tot bronnen
van g ≈ 21.5 (10 σ) magnitude. Het doel van de survey is het vergroten en karakteriseren
van Galactische populaties die optisch variabel zijn op korte tijdschaal (van enkele minuten tot
een uur). In het bijzonder richt de survey zich op ultracompacte dubbelster systemen (UCB)
die fluctueren met een periode van minder dan 40 minuten. Door de fysieke eigenschappen te
bestuderen van individuele UCBs, en eveneens de populatie van UCBs te karakteriseren, kunnen
we een beter begrip krijgen van de populatie als geheel. Hierdoor kunnen we onze kennis van de
evolutie van UCBs en dubbelsterren in het algemeen verbeteren. UCBs met korte perioden spelen
een belangrijke rol in de evolutie naar type .Ia supernovae (Bildsten et al., 2007), en als sterke
bronnen van gravitatiestraling voor het eLISA-instrument (Roelofs et al., 2007).
De OW waarnemingen worden uitgevoerd op golflengtes in de g-band en op lage Galactische
breedtegraden (|b| <10 graden). De waarnemingen zijn verkregen met behulp van het instrument
OmegaCAM (Kuijken, 2011) op de VLT Survey Telescope (VST, Capaccioli & Schipani 2011),
als onderdeel van de Nederlandse GTO tijd op de VST. De hemel is opgedeeld in velden van
één vierkante graad die waargenomen worden voor 39 seconden per waarneming. De tactiek van
de OW survey is dat twee naast elkaar liggende velden afwisselend worden waargenomen over
een periode van twee uur. Elk veld wordt gemiddeld zo’n 38 keer waargenomen. De velden zijn
zo uitgekozen dat ze overeenkomen met die van de VST ’Photometric Hα Survey of the South-
ern Galactic Plane’ (VPHAS +, Drew et al., 2014) en de ’Galactic Bulge Survey’ (GBS, Jonker
et al., 2011). Op deze manier kunnen de OW waarnemingen geijkt worden, en hebben we meer
kleuren tot onze beschikking. Tegelijkertijd, zijn de velden zo gekozen dat heldere sterren ver-
meden worden (V < 5 mag). Als onderdeel van dit proefschrift hebben we een aanzienlijke aantal
fotometrische en spectroscopische vervolg-waarnemingen uitgevoerd van specifieke variabele bron-
nen uit de OW survey. Voor de fotometrische waarnemingen, hebben we de Sutherland High-speed
Optical Cameras (SHOC, Coppejans et al., 2013) gebruikt op de 1,0-m en 1,9-m telescopen van
de South African Astronomical Observatory (SAAO). De spectroscopische vervolg-waarnemingen
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zijn uitgevoerd door twee verschillende instrumenten; de Spectrograph Upgrade – Newly Improved
Cassegrain Spectrograph (SpUpNIC, Crause et al., in prep) op de SAAO 1.9-m telescoop, en de
Robert Stobie Spectrograph (RSS Kobulnicky et al., 2003) op de 10-m Southern African Large
Telescope (SALT, Buckley et al., 2006).
Selectie Routines voor Variabele Bronnen
De pipeline om de OW data te verwerken is gebaseerd op de pipeline van het RATS project,
omdat die pipeline een vergelijkbare strategie en doel had om UCBs te detecteren. Het RATS
project is vanaf 2003 tot 2010 uitgevoerd op de Isaac Newton Telescoop op La Palma.
De OW pipeline is beschreven in hoofdstuk 2 en gebruikt DIAPL2 software voor de beeld-
verwerking. De beeld subtractie software is toegepast op alle OW gebieden, waaronder de druk-
bevolkte Galactisch Bulge. Met deze software is erg succesvol de fotometrie verkregen. De resulte-
rende lichtkrommes zijn gecorrigeerd voor systematische variaties met behulp van het SYSREM
algoritme. De magnituden van elke ster zijn gekalibreerd aan de hand van het standaard (Vega)
systeem en de APASS catalogus. Ter compensatie voor spurieuze detecties, is een drievoudige au-
tomatische opschonings-routine ontwikkeld. Deze routine sluit bronnen uit van vervolgonderzoek
als: a) zij zich dicht bij de rand van de detector of dicht bij slechte pixels bevonden, b) zij zich
dicht bij verzadigde sterren bevonden c) er een hoge lokale achtergrond was. Enkele bronnen zijn
handmatig verwijderd na visuele inspectie van hun lichtkrommes, periodogram en locatie op de
detector.
Verzadigde sterren in de OW gebieden veroorzaken diffractie sporen die verschuiven tijdens de
twee-uur durende waarneming als gevolg van de altazimuth montering van de VST. Dit veroor-
zaakt valse modulaties in de lichtkrommes van bronnen die in het pad van de diffractie sporen
liggen, zoals besproken in hoofdstuk 3. Aangezien dit effect nog wordt gesignaleerd in een aantal
van de kandidaten nadat de opschoningsroutine is uitgevoerd, zullen de routines worden herzien
om het aantal spurieuze detecties te verminderen.
Van alle bronnen die overblijven na de opschoningsroutine wordt de lichtkromme bestudeerd en
worden de fotometrische variabiliteitsparameters bepaald met behulp van het VARTOOLS pakket.
Voorbeelden van de fotometrische variabiliteitsparameters zijn onder andere de Lomb Scargle
periode (PLS), de waarschijnlijkheid van een spurieuze detectie (FAP), en de analyse van de
lichtkromme (AoV). Als eerste stap worden variabele bronnen met een korte periode geselecteerd
voor mogelijke vervolgwaarnemingen als: a) PLS < 45 minuten b) log10(FAP)<–2.5, c) zij deel uit
maken van een specifieke MAD populatie van variabele bronnen (hoewel erg blauwe systemen met
langere perioden ook worden geselecteerd). Zoals besproken in hoofdstuk 2 bleek de verdeling van
variabele bronnen te variëren voor verschillende eigenschappen van de lichtkrommes, afhankelijk
van het aantal MAD iteraties dat gebruikt werd in de dataverwerkingspipeline. Uiteindelijk bleek
dat MAD5 (d.w.z. MAD met n = 5) het meest geschikte uitgangspunt is voor het detecteren van
bronnen die variaties vertonen op korte tijdschalen van onder de 20 minuten. Voor het detecteren
van variabele bronnen op langere tijdschalen moet MAD10 worden gebruikt.
In hoofdstuk 4 wordt de geldigheid van de PLS bevestigd die in de OW pipeline is afgeleid.
Voor een groot aantal bronnen werd de periode bepaald aan de hand van fotometrische ver-
volgwaarnemingen. Deze periode ligt gemiddeld binnen 5% van de oorspronkelijke PLS . In dit
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hoofstuk worden vervolgwaarnemingen van 27 bronnen gepresenteerd, waarvan 23 een lichtkromme
hebben die goed overeen komt met hun OW lichtkromme. Voor de andere bronnen zijn er verzach-
tende omstandigheden, zoals slechte weersomstandigheden tijdens het waarnemen. Deze vervolg-
waarnemingen wijzen erop dat de selectie procedure en opschonings-routines een robuste populatie
van variabele bronnen voortbrengt, zodat de verwachte fractie van spurieuze bronnen laag is voor
toekomstige waarnemingen. Nadat de OW pipeline succesvol was toegepast op de OW data die in
de eerste 6 maanden werd waargenomen (zie hoofdstuk 2), werden ze ook toegepast op de eerste
vier jaar van OW waarnemingen (zie hoofdstuk 3 voor analyse en resultaten).
De zoektocht naar ultra-compacte dubbelsterren
In de MAD5 populatie bevinden zich 39 systemen die ook zijn waargenomen door VPHAS+ met
u− g < 0,0. Slechts 17 systemen hiervan worden niet beïnvloed door diffractie sporen van nabij-
gelegen heldere sterren. Vier van deze bronnen zijn voortreffelijke UCB kandidaten met periodes
onder de 40 minuten. Door middel van vervolgwaarnemingen hebben we met succes bevestigd
dat één van de UCB kandidaten inderdaad een UCB is, namelijk OWJ074106.1–294811.0 (hierna
OWJ0741–2948). OWJ0741–2948 was aanvankelijk geselecteerd voor vervolg-waarnemingen om-
dat de lichtkromme eigenschappen vertoont die vaak geassocieerd worden met de bekende AM
CVn systemen (PLS = 22.6 minuten, u–g = –1.25 mag). Desalniettemin, onthulde lage resolutie
SALT spectra (zie hoofdstuk 2) zwakke Balmer absorptie-lijnen. Daardoor is dit systeem
geclassificeerd als een pulserende subdwerg. Pas nadat we een spectrum met hoge resolutie
genomen hebben van dit systeem, konden we bevestigen dat OWJ0741–2948 een zeldzame UCB
is, waarin een subdwerg O / B-ster en een compacte metgezel in ∼44 minuten om elkaar heen
draaien. Zo’n intrigerend systeem kan ons helpen om een beter begrip te krijgen van dubbelster
evolutie (zie Kupfer et al. in prep.). Een van de andere UCB kandidaten OWJ175358.8–310728.9
(hierna OWJ1753–3107), bleek een zeldzame koolstof ver-rijkte DQ witte dwerg te zijn, die
varieert met een periode van ∼35 minuten. Het spectrum van dit object toont het Zeeman-
effect in de neutraal / geïoniseerde absorptielijnen van koolstof. Dit wijst op de aanwezigheid van
een sterk magnetisch veld. Het spectrum van dit systeem lijkt op het spectrum van de zogenaamde
“warme” DQ, de witte dwerg SDSS J1036+6522, maar met een langere periode. OWJ1753–3107
is slechts de tweede warme DQ die gevonden is. Het systeem is vermoedelijk in een overgangsstaat
waarin een warme DQ afkoelt, helium begint te laten zien in de atmosfeer, en vervolgens evolueert
naar de tweede reeks van koelere DQs. De waargenomen variaties zijn mogelijk afkomstig van
de rotatie van de witte dwerg, omdat er maar één periodieke modus gevonden is (sterpulsaties
vertonen doorgaans oscillaties met meerdere modi). Bovendien is de periode bijzonder lang voor
niet-radiale pulsaties (zie hoofdstuk 5).
In 2011, aan het begin van de OW survey, dachten we dat we het aantal AM CVn zou
verdubbelen in de loop van het OW project. Destijds waren 32 AM CVn systemen bekend, en
we dachten dat het aantal zou toenemen tot meer dan 70. Dit was gebaseerd op de schattingen
van de dichtheden van AM CVn systemen zoals die toen bekend waren. Tot nu toe is er slechts
één UCB aangetroffen met een korte periode. Dit systeem bestaat uit een subdwerg O/B- ster en
een verborgen compacte metgezel. De toekomst moet uitwijzen wat de reden is voor het gebrek
aan UCB detecties. Een belangrijke bijdragende factor is dat onze vervolgwaarnemingen sterk
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gericht zijn op bronnen met multi-band kleur informatie, terwijl deze informatie tot nu toe slechts
beschikbaar is voor een derde van de OW bronnen. Zodra de OW survey compleet is en meer
VPHAS+ kleur informatie beschikbaar is, zullen wij de dichtheid in de OW data van UCBs en
AM CVns bepalen.
Populaties van Variabele Bronnen in de OmegaWhite Survey
In onze zoektocht naar de ongrijpbare AM CVn systemen, hebben we laten zien dat de OW
survey ook succesvol gebruikt kan worden voor het ontdekken van andere objecten; zeldzame en
intrigerende objecten waarvan de variaties veroorzaakt worden door diverse fysische verschijnselen.
De OW waarnemingen kunnen helpen om de schattingen van dichtheden en bevolkingsstatistieken
te verbeteren, voor elk van de waargenomen groepen van variabele bronnen. Daarnaast staan
gedetailleerde vervolgwaarnemingen van individuele bronnen ons toe om een beter inzicht in te
krijgen in de fysische fenomenen die de variaties veroorzaken. In hoofdstuk 3 en 4 worden een
aantal interessante bronnen besproken die in het OW onderzoek zijn ontdekt en de populaties
waar toe zij behoren. Enkele van onze bevindingen zijn:
• Pulserende subdwerg B sterren: De bron OWJ075305–301208 laat erg blauwe kleuren zien
met u−g = –0,74 en g−r = 0,46. Uit het spectrum bleek dat deze bron sterke waterstof- en
helium-absorptielijnen heeft, die normaliter geassocieerd worden met vroege B-type sterren.
Aangezien deze bron ook pulsaties laat zien met een tijdschaal van 102 minuten is de bron
waarschijnlijk een langzame of hybride subdwerg B ster.
• Pulserende witte dwergen: zowel OWJ075719–292955 als OWJ075436–304655 vertonen de
blauwe kleuren die gerelateerd worden aan AM CVn systemen, maar hun spectra laten brede
waterstof absorptielijnen zien. Dit impliceert dat deze twee systemen mogelijk pulserende
waterstofrijke witte dwergen zijn (DAV witte dwergen of ZZ Ceti).
• Accreterende dubbelsterren: Drie van de 17 blauwe bronnen die in hoofdstuk 3 worden
gepresenteerd zijn mogelijk accreterende dubbelsterren, omdat zij kleuren laten zien die
impliceren dat er waterstof emissielijnen zijn. Eén van deze dubbelsterren, OWJ174903–
243720, varieert op een tijdschaal van 55.6 minuten en vertoont een groot verschil in helder-
heid tussen de OW en VPHAS+ kleuren in de g-band. Dit impliceert dat OWJ174903–
243720 mogelijk een helium rijke CV is. De accreterende dubbelster OWJ080311–291144
vertoont eclipsen met een duur die duidt op een CV met een ongebruikelijke periode van
2–3 uur.
• Niet-interagerende dubbelsterren: Met behulp van de AoV tests op de OW data hebben we
talloze dubbelsterren gedetecteerd die lange perioden hebben (> 80 minuten) en/of eclipsen
vertonen (zie hoofdstuk 3). Een voorbeeld hiervan is OWJ081013–213828. Dit systeem
heeft een periode van 85.4 minuten met twee duidelijke primaire eclipsen en een ondiepere
secundaire eclips.
• Systemen met informatie uit SIMBAD: De SIMBAD database bevatte al informatie over
een aantal OW variabelen, o.a. een intermediate polar kandidaat, een nova kandidaat,
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een potentiële centrale ster van een planetaire nevel en twee symbiotische dubbelsterren.
Aangezien de OW periode van de symbiotische dubbelster OWJ181044–275750 (Hen 2–
357) bevestigd is door fotometrie, impliceert dit dat de witte dwerg roteert en magnetisch
is. In hoofdstuk 4 wordt de aard van de twee symbiotische dubbelsterren bevestigd door
middel van spectroscopie. Uit de spectra blijkt bovendien dat de systemen worden omringd
door nevels.
• Ongebruikelijke kenmerken: De lichtkromme van de bron OWJ175848–271653 lijkt op die
van een δ Sct ster, maar vervolgwaarnemingen onthulde een dip op het moment dat de
helderheid piekt. Dit soort dips zijn nooit eerder gezien in δ Sct sterren, maar doen denken
aan een effect dat gezien wordt in Cepheïden. Spectrale vervolgwaarnemingen van deze bron
onthulden de kenmerken van een B-type ster, en niet die van een δ Sct ster.
Uit SpUpNIC spectroscopie van 57 OW variabelen (zie hoofdstuk 4) blijkt dat de meerderheid
kenmerken vertoont van A- of F-type sterren, en dus waarschijnlijk δ Sct-type objecten zijn.
Omdat δ Sct sterren specifieke periodes, amplitudes, helderheden en kleuren hebben, kunnen
deze fysische eigenschappen worden gebruikt om andere potentiële δ Sct-objecten te identificeren
binnen de OW survey. Deze techniek wordt gebruikt in hoofdstuk 3 om δ Sct-kandidaten te
selecteren aan de hand van de MAD10 data en VPHAS+ kleuren. Deze groep van systemen
stelt ons in staat om gedetailleerde populatie studies uit te voeren, die op hun beurt toelaten
onze schattingen van de fysische eigenschappen van deze pulsatoren te verbeteren, zoals periode
en amplitude. Eén van de δ Sct sterren uit de MAD10 OW systemen heeft bijvoorbeeld een
periode van 9,3 minuten, en is daarom potentieel de δ Sct ster met de kortste periode die ooit
waargenomen is.
Hoewel de selectie routines voor variabele bronnen niet geoptimaliseerd zijn voor de detec-
tie van uitbarstende of eclipserende bronnen, zijn toch een aantal eclipserende systemen ge-
ïdentificeerd in de OW survey. Dit geeft aan dat het mogelijk is om deze zeldzame gebeurtenissen
te detecteren met behulp van de OW survey. In hoofdstuk 3, wordt de AoV-test besproken,
inclusief hoe het wordt gebruikt om een aantal bronnen met lange perioden en eclipsen te de-
tecteren. We zullen doorgaan met de ontwikkeling van deze detectie methodes, zodat we in de
toekomst gericht kunnen zoeken naar uitbarstende bronnen binnen de OW survey. In het bijzon-
der is dit nuttig voor toekomstige surveys naar uitbarstende objecten zoals de MeerLICHT Survey.
Het MeerLICHT project heeft als doel om optische vervolgwaarnemingen te verkrijgen naar aan-
leiding van radiodetecties van de MeerKAT telescoop uit de ThunderKAT survey. Aangezien de
waarneemstrategieën vergelijkbaar zijn, heeft het MeerLICHT project succesvol gebruik gemaakt
van de OW data als voorbeeld in hun dataverwerkingspipeline. De resultaten van dit onderzoek
zullen worden gepresenteerd in toekomstige artikelen.
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Toekomst van de Survey
Tot nu toe is ongeveer de helft van de OW Survey (204 vierkante graad) waargenomen in een
tijdsbestek van 4,5 jaar. ESO Semester P97 is momenteel bezig waarin de OW survey uitgebreid
wordt met 56 vierkante graad. Voor Semester P98 is nog eens 64 vierkante graad toegewezen aan
de OW survey. Zo zijn we goed op weg naar het bereiken van ons doel van 400 vierkante graad.
Naast het ontdekken van unieke en interessante UCBs hebben we een schat ontdekt aan zeldzame
en intrigerende variabele bronnen die het potentieel hebben om het wetenschappelijk onderzoek
aanzienlijk vooruit te helpen. Naarmate we ons meer verdiepen in de volgende fase van de OW
survey verwachten we dat we veel nieuwe interessante astrofysische systemen zullen ontdekken
en karakteriseren, en tegelijkertijd dat we de eigenschappen van de populatie van variabelen met
korte perioden in het Galactisch vlak verder zullen onthullen.
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